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I SU_RY

In the temperature range from 500°F to 2500°F non-equilibrium flow

analysis predicted only a small change in degradation product composition

as the gases flow through the char zone. Essentially all of the reaction

took place in the temperature range from 2000°F to 2500°F. Comparing

non-equilibrium flow with the two limiting cases the energy absorbed in

the char zone for frozen flow was one half of that of non-equilibrium flow,

and equilibrium flow was two and one half times that of non-equilibrium

flow.

Experimental results were obtained simulating the char zone during

ablation in the temperature range from 900°F to 16500F using the Char

Zone Thermal Environment Simulation System. The data showed that the flow

was essentially frozen, and this was accurately predicted by the non-equi-

librium flow analysis. The limiting case of equilibrium flow incorrectly

predicted significant changes in degradated product composition in this

temperature range.

Details are given concerning the criteria used for selecting the

chemical reactions that were important in the char zone, the generalized

reaction kinetics analysis, the computer solutions of the equations and

the experimental system.
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II. INTRODUCTION

The primary objective of this research program is to determine accu-

rately the energy absorbed in the char zone of a charring ablator, and

how this is affected by the chemical reactions that take place in the char

zone. Presently, there are two methods available to describe the limits

on the heat transfer in the char zone. These are referred to as the frozen

flow and equilibrium flow cases.

The minimum amount of energy that can be absorbed in the char zone

can be computed by considering the flow to be frozen. This refers to the

situation where the degradation products flowing through the char do not

undergo any chemical reactions (the composition is constant). The amount

of energy absorbed is given by the change in sensible heat of the gases.

The maximum amount of energy that can be absorbed in the char zone

is obtained by considering the chemical species in the flow field to be

in thermodynamic equilibrium. This refers to the situation where the degra-

dation products undergo reaction at an infinitely fast rate, and the amount

of energy absorbed is computed by considering the species to be in thermo-

dynamic equilibrium. This gives the maximum energy absorbed since the

reactions are nearly all endothermic.

The limits on the energy transfer established by these two cases have

been previously reported (i, 2). It was found that the amount of energy

that could be absorbed was almost an order of magnitude greater for equi-

librium flow than for frozen flow for the same front and back surface tem-

peratures on the char. Due to the high mass flux of gases from the plastic

decomposition the actual amount of energy that is absorbed lies somewhere

between these two limiting cases and is determined by the rates of chemical

reaction among the species present.



In this report the necessary equations are developed to compute the

energy absorbed in the char zone. These equations are solved for non-

equilibrium flow in the char and for the two limiting cases of frozen and

equilibrium flow. Comparisons are madebetween the computedresults and

experimental data obtained on the Char Zone Thermal Environment Simulator

System which is also described. Details are given for the generalized re-

action kinetics analysis and the criteria used for solution of the reactions

that are important in the char zone. Also included are descriptions, flow

diagrams and print-outs of the computer programs used in the computations.



III. ENERGY AND MOMENTUM TRANSFER IN NON-EQUILIBRIUM FLOW

To compute the energy transferred and the pressure distribution in

the char zone, it is necessary to solve the energy equation and momentum

equation with appropriate boundary conditions. For steady flow of degra-

dation products in a char zone of constant thickness, the energy equation

has the following form:

dT d [k dT] K+IW. _ " E " " -- + _ H.r. = 0 (i)
g p dz dz e dz i=l J j

The first term represents the convective heat transfer, the second term

represents conductive heat transfer and the third term represents the

heat absorbed by chemical reactions. The derivation of this equation

and a description of the numerical solution is given in Appendix A.

To describe the pressure distribution a modified form of Darcy's

equation was used which accounts for inertial effects that are important

due to the high mass flux of degradation products. For the steady flow

of an ideal gas in the char with varying mass flux, the following inte-

gral equation was obtained to predict the pressure distribution:

_ (Wg2T/_) }1/2P = {PL 2 + 2R [E/7 (Wg D T/M ) dz + _ dz]
z z

(2)

The first term on the right hand side is the pressure on the high temper-

ature surface of the char, the second and third terms represents the pres-

sure loss due to viscous and inertial effects respectively.

The energy absorbed in the char zone is equal to the difference be-

%
tween the heat flux at the high temperature surface and the heat flux at

the low temperature surface. As also shown in Appendix A the energy absorbed



4

for non-equilibrium flow in the char is given by:

K TL K+I TL dN.

qcz = ¢ _ _T W xC dT + _ _T ---i " M" " H'dT (3)i=l g j Pj j=l dT ] j
o o

The first term on the right hand side represents the heat absorbed due to

the change in enthalpy of the gases and the second term represents the

heat absorbed by chemical reactions.

Equations (I), (2) and (3) were solved numerically using programs

written in FORTRAN IV on an IBM 7040 computer. This is described in de-

tail in Appendix C where flow diagrams of the sub-programs are given with

a print-out of the programs. A subsequent section (Generalized Reaction

Kinetics Analysis) discusses the method used to compute the reaction rates

of the simultaneous chemical reactions as they occur in the char zone.

However before the calculations can be performed two additional

pieces of information must be known. These are the specific chemical re-

actions that occur in the char with their associated kinetic constants

and the initial composition of the degradation products when they enter

the char zone. The ten specific chemical reactions that are thought to

occur in the char zone are listed in Table I, and the method of arriving

at these reactions is discussed in the following section entitled "Criteria

for Reactions Selection." Also discussed in this section are the methods for

establishing the initial compositions which were based on the compositions

predicted by thermodynamic equilibrium calculations and pyrolysis gas

chromotography experiments.

In Figure i a comparison is shown of the temperature distribution for

non-equilibrium, equilibrium and frozen flow from the solution of the equa-

tions of change (continuity, momentun and energy) for a surface temperature



TABLE i

IMPORTANTCHEMICALREACTIONSIN THECHARZONEIN THETEMPERATURE

RANGEFROM500 TO25000F

i. CH4 = 1/2 C2H6 + 1/2 H2

2. C2H6 = C2H4 + H2

3. C2H4 = C2H2 + H2

4. C2H2 = 2C+ H2

5. CH4 = 1/2 C2H2 + 3/2 H2

6. CH4 = C + 2H2

7. C6H6 = 3C2H2

8. C + CO2 = 2C0

9. NH3 = 1/2 N2 + 3/2 H2

i0. CH4 + 3/2 02 = C02 + H20
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of 2500°F. As shown tile temperature distribution for non-equilibrium

flow is only slightly less than that for frozen flow. However the tem-

perature distribution for equilibrium flow is significantly different

than that for frozen and non-equilibrium flow. The effect of small changes

in composition due to chemical reactions cause the temperature profile for

non-equilibrium flow to only be slightly different than that for frozen

flow. However, the temperature profile for equilibrium flow is signif i-

cantly different than that for non-equilibrium flow, and this is a result

of the energy absorbed due to the significant changes in composition de-

termingd by thermodynamic equilibrium.

Although the temperature profile is essentially the same there is a

significant difference between the heat flux at the high temperature sur-

face for non-equilibrium and frozen flow as seen in Table 2. This is

mainly a result of the decomposition of CH 4 by reactions I, 5 and 6 and

the formation of CO by reaction 8. This is seen in Table 2 by the change

in degradation product composition from 500°F to 2500°F. The energy ab-

sorbed considering the flow in thermodynamic equilibrium is much larger

than that for non-equilibrium flow, and the reason is the large changes

in composition as shown in Table 2. Thus if some means could be devised

to increase the rate of reactions, there is the potential for a sizeable

increase in amount of energy that could be absorbed. This would mean a

reduction in heat shield weight.

Given in Table 2 are the pressure drop through the char calculated

using equation (2) for non-equilibrium, equilibrium and frozen flow.

As would be expected the pressure drop predicted by assuming the flow

to be in equilibrium is less than that for either frozen or non-equilibrium

flow since the viscosity_is an increasing function of temperature. As would



Table 2 - Comparison of the High Temperature Surface Heat Flux, Composition
of Degradation Products and Pressure Drop for Frozen, Equilibrium,
and Non-Equilibrium Flow

2
Mass Flux - 0.05 Ib per ft - sec

Char Characteristics: Porosity - 0.8 -9 2
Permeability - 1 x I0 ft

Component

CH 4

H20

N 2

CO 2

H 2

NH 3

CO

DEGRADATION PRODUCT COMPOSITION (Mole Percent)

Entering the Char
At 500 ° F

Leaving the Front Surface at 2500 ° F

Non-Equilibrium Equilibrium
Flow Flow

55.47 54.50 0.I0

32.48 33.20 0.01

8.06 8.00 4.21

1.52 0.02 Trace

1.45 1.44 77.03

0.02 0.01 Trace

Trace 1.71 18.65

Model

Frozen Flow

Non-Equilibrium Flow

Equilibrium

Heat Flux at Surface

(BTU/ft2-sec)

52.22

107.64

271.25

Pressure_Drop

(ib/ft z)

12.97

12.45

9.75
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be expected the pressure drop for non-equilibrium and frozen flow is es-

sentially the same.

In Figure 2 similar results to that of Figure 1 and Table 2 are shown

except for a front surface temperature of 2000°F. As would be expected the

temperature.profiles are similar to that of Figure I. However, on com-

paring the surface heat flux it is seen that there is only a slight dif-

ference between that for frozen and non-equilibrium flow. Consequently

the major energy absorption occurs in the temperature range from 2000°F to

2500°F. This would be expected since the rate of reaction increases ex-

ponentially with temperature. Thus it would also be expected that for

cases with higher char temperatures the heat absorbed by chemical reactions

would be muchmore significant. Currently work is underway to extend these

analyses to higher surface temperatures.

IV. EXPERIMENTAL SIMULATION OF THE CHAR ZONE DURING ABLATION

A. Char Zone Thermal Environment Simulator

Experiments are being conducted to establish the accuracy of the non-

equilibrium flow model with an experimen_l system that simulates the char

zone during ablation. A schematic diagram of the Char Zone Thermal En-

vironment Simulator is shown in Figure 3.

In this simulator actual chars formed in the large arc jets at the

Langley Research Center are mounted in a char holder as shown. The holder

is constructed of concentric tubes so gases of compositions that are

typical of the degredation products can flow through the char as they would

have on leaving the decomposition zone. Chars are removed from 3" diameter

arc jet samples, and saureisen cement is poured around the sides of the

char inside a mold. This mounts the char with front and back surface
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exposed in a uniform inert ceramic casing which is mounted in the char

holder.

To have a temperature profile comparable to that on re-entry a bank

of 15 G. E. I000 T3 quartz lamps are used to heat the char surface. The

bank is located about l-I/_'from the char surface, is surrounded by a re-

flector, and has a total output of about 15 KW.

A total radiation pyrometer (Leeds and Northrup, Narrow Angle Rayotube)

is focused on the front surface of the char through the bank of lamps to

give an accurate measure of the front surface temperature. This is re-

corded on a strip chart recorder. This accuracy (! 20°F at 2000°F) was

established by comparing the temperature measuredby the total radiation

pyrometer with that of a calibrated optical pyrometer. Also it was estab-

lished that the pyrometer was not being affected by sighting through the

quartz lamps. This was accomplished by operating the lamps without the

char holder in place, and with the lamp on the pyrometer did not register

an increase in temperature. The usual corrections to the measured tempera-

ture due _ the reflected radiation from the lamps were made. This correc-

tion was less than 25°F at a char surface temperature of 1650°F.

The back surface temperature was measuredwith a shielded iron-

constantan thermocouple and recorded on a strip chart recorder. The thermo-

couple made firm contact with the char surface to insure an accurate sur-

face temperature measurement. The thermocouple responded very rapidly

when the bank of heating lamps was turned on indicating that good contact

was being madebetween the char surface and the thermocouple tip.

A blend of gases simulating the composition of the degradation prod-

ucts was made in a high pressure cylinder. The composition of feed blend

number one is reported in Table 3. The.gas is passed through a regulator
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and is metered by a calibrated rotameter to the char holder. Having passed

through the char the gases flow through a sample manifold where periodic

samples are taken for gas chromatographic analysis and then through a wet

test meter where volume (flow rate)is measured.

The composition of the feed and products are analyzed on a Packard

Instrument Corporation gas chromatograph with a thermal conductivity detec-

tor. Hydrocarbons and CO2 are determined on a 12 ft. column filled with Pora-

pak S packing with helium as a carrier gas. Nitrogen, oxygen and carbon monoxide

are determined on a 6 ft. column packed with 5A molecular sieve with helium as

a carrier gas. Hydrogen is determined on this column using argon as a carrier

gas.

The pressure drop across the char is measuredwith a U-tube manometer

using water as the manometer fluid. The taps of the manometerare located on

the entrance and exit gas lines. The actual pressure drop across the char is

determined by subtracting from the total pressure drop, the pressure drop measured

without the char in place. The pressure drop without the char in place for the

range of flow rates employed in the test was less than 0.5 inch of water.

The operating procedure consisted of a start-up phase, a steady state

phase, and a shut-down phase. In the start-up phase cooling water and air flow

rates are _djusted, recorders are started, helium flow through the char is set

and then power is applied to the bank of lamps. The temperature of the system

rises to a steady-state value, and now in the steady-state phase at these coudi-

tions a set of data are collected which represents frozen flow in the char. Then

the flow is switched to a feed of a composition typical of the degradation pro-

ducts. When temperature transients have damped(about 3-5 minutes), product

samples are taken at 5 minute intervals for a run time of more than 20

minutes. Operating conditions are then changed to obtain another set of
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data or the system is shut down.

To shut-down the operation of the system, the flow through the char

is changed to helium and then the power to the lamps is turned off. The

system is allowed to cool to near room temperature and all of the flows

are turned off.

B. Experimental Results

In Table 3 a comparison is given between typical experimental results

(0.005 ib per ft2-sec mass flux, 1650°F front surface temperature, 900°F

back surface temperature) add the models for non-equilibrium and equi-

librium flow. The inlet composition is the concentration of the stream

entering the char at 900°F and the outlet composition is the concentration

leaving the front surface of the char at 1650°F. The experimentally mea-

sured values are shown in Table 3 along with the values that are computed

by the model of non-equilibrium flow and equilibrium flow. As shown the

amount of chemical reactions that actually took place was only slight and

this is accurately predicted by non-equilibrium flow. The computed values

of the composition agree within experimental error with the experimental

values. For this temperature range the flow is essentially frozen (no

chemical reaction).

For comparison the exit composition computed for equilibrium flow is

also given in Table 3. If the gases were actually in thermodynamic equi-

librium flowing through the char, there would have been a significant heat

absorption due to reaction. In fact nearly all of the methane is decom-

posed and essentially all of the carbon dioxide is converted. Thus this

would be an extremely poor characterization of the flow to consider it to

be in thermodynamic equilibrium in this temperature range and unrealisti-

cally high surface heat flux values would be computed as shown in Figure 4.
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Table 3. Comparison Between a Typical Set of Experimental Results

(Experimental Test 9) and Non Equilibrium Flow Computations

Operating Conditions: Mass Flux 0.005 ib/ft 2 sec

Surface Temperatures: Front - 1650°F

Back - 900°F

Char - SpecimenNo. 52*, Thickness - 0.25 inch.

Degradation Product Compositions (mole per cent)

Outlet Composition

71nlet Experimentally Computed Computed
Component Composition Measured Non-Equil. Flow Equil. Flow

CH 4 44.61 44.68 43.40 1.52

H 2 35.81 35.79 35.01 81.91

N 2 11.13 11.12 12.68 7.59

CO 2 4.75 4.70 5.21 0.02

CO 13.71 3.80 3.70 8.65

H20 0 0 0 0.31

Total i00.00 i00.00 I00.00 i00.00

Pressure Gradient Across Char

Experimentally Measured - 2.1 psf

Computed by Non-Equilibrium Flow - 2.3 psf

*Low density phenolic-nylon tested in Langley Research Center arc jet using

a 4 in. dia. nozzle with a 3% O^ - 97% stream having a 2000 Btu/# stream

enthalpy at a heating rate of 160 Btu/ft 2 sec. and at a test time of I00 sec.
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The pressure drop computed by equation (2) is comparedwith the ex-

perimentally measuredpressure drop in Table 3. As can be seen there is

excellent agreement between the experimental and computedvalues.

As a means for further comparison the temperature profile for each

of the three flow models is presented in Figure 4. The non-equilibrium

flow temperature profile lies very near the profile for frozen flow while

the equilibrium flow deviates significantly as would be expected. The

energy absorbed due to chemical reactions is shownby the increase of

0.85 Btu/ft2-sec in the surface heat flux over that of frozen flow. How-

ever, the heat flux predicted for equilibrium flow is over 6 times that

for non-equilibrium flow. This high and notrealistic surface heat flux

is due to the large change in composition.

In conclusion it can be stated that in the temperature range of the

experiments only a small change in composition occurs due to chemical re-

actions as the gas flows through the char. This is due to the short resi-

dence time of the gas in the char as a result of the high mass flux through

the char. The flow is essentially frozen. If the chemical species are

assumedto be in thermodynamic equilibrium flowing through the char, there

would be over a six fold error in computing the surface heat flux, i.e.

the energy absorbed in the char zone.

V. GENERALIZED REACTION KINETICS ANALYSIS

The purpose of this section is to present the equations that permit

the calculation of the reaction rates for an arbitrary number of simul-

taneous chemical reactions involving an arbitrary number of chemical

-species. This will be illustrated with the reactions given in Table I.

A chemical reaction can be written in general as:
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K kfi K
E r..A. _- E

j=l z] ] kri j=l
.A (4)Pij j

For this i th chemical reaction, the rij and Pij represent the stochio-

metric coefficients of the reactants and products respectively for species

A.. The forward and reverse reaction rate constants are kfi and k There] ri"

are a total of K chemical species.

For the rate of reaction of the jth species, Rj, this is given by

the following equation for n chemical reactions:

n r- K rij K pi:-_
= . - rij) [I c. - k 11 c. JJ (5)R.] i=iE (Pij Lkfi j=l ] ri j=l ]

where cj is the concentration of componentj in appropriate units.

This equation has the powers on the composition terms the sameas the

stochiometric coefficients. However, it is not necessary to do this.

If this is not the case for someof the reactions being use, it is only

necessary to include two additional matrices besides rij and Pij in the

computer implementation.

To illustrate the use of equations (4) and (5) the matrix form of the

reactions listed in Table i are shownin Table 4. This is equation (4)

for I0 reactions and 13 chemical species.

To illustrate the use of equation (5), the rate of reaction of methane

(component 2) is given by the following:

I0 [ 13 rij k 13 ; ]- II c. - II c Pij
r2 = i=l_' (Pi2 ri2) kfi j=l ] ri j=l J (6)

or expanding
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r2 = (0 - I) kfl c2 - krl cI

(0- i)

(0- I)

(0 - I) (7)

c 3/2 c5} +kf5 c2 - kr5 i

2 c6_kf6 C2 - kr6 Cl _ +

{kfl 0 c2c12 _ - krl 0 c 8 c13 }

20

The above equation contains six other terms in the expanded form, but these

are not included since the coefficients were zero. Of course this equation

is not exactly correct since the powers on the compositions are different

in some cases for the actual rate expressions. For example, the carbon-

carbon dioxide reaction involves the surface area of carbon, and not a

"concentration" of carbon. To take the surface area of the char into ac-

count the reaction rate constant can be modified, and the exponent on the

carbon'_oncentration" can be set equal to zero.

Equation (5) has been incorporated into the main program which gen-

erates the solution to the energy equation using a fourth order Runge-

Kutta Method (I). With this it is possible to predict the energy absorbed

in the char zone for non-equilibrium flow. Some of these results have

been presented in a preceding section along with a comparison of experi-

mental results obtained by flowing typical compositions of degradation

products through actual chars. Additional experimental results will be

presented in a subsequent report.

VI. CRITERIA FOR REACTION SELECTION

In a previous report (3) the literature was surveyed for the kinetics

of chemical reactions that could possibly occur in the char zone during

ablation. At that time a number of reactions and species were located,
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and since then additional information has becomeavailable. These results

have been up-dated and will be presented in a forthcoming report. However,

it can be shownthat not all of these possible reactions are important in

the temperature range of interest. To determine the chemical reactions that

would occur with a significant conversion in the char, two procedures were

used. Oneprocedure consists of computing the conversion for one reaction

of an equal molal mixture of reactants flowing isothermally through the

char. The other procedure consist of estimating the species and the compo-

sition that enter the char zone from thermal-gravimetric analysis and pyro-

lysis gas chromatographic analysis. These two procedures combined determine

the important reactions that occur in the char, and these are discussed in

the next sections.

A Isothermal Flow Analysis

There is a sizeable number of possible chemical reactions that can

occur in the char zone as was previously discussed. To attempt to include

all of these reactions in the solution of the energy equation to predict the

energy absorbed in the char zone for non-equilibrium flow would be very diffi-

cult. Consequently it was necessary to devise a screening procedure to eli-

minate from consideration the reactions that are not important in the tempera-

ture range of current interest (500°F - 2500 °F). The following reasoning was

applied.

The rate of reaction increases with temperature. For a particular reac-

tion, i£ a significant conversion of reactants to products was obtained with

the char at a uniform and high temperature, then it could be assumed that there

may be a significant conversion when the char is subjected to a temperature

gradient (low temperature at 500°F to a high temperature at 2500°F). Thus these

reactions should be considered in any analysis of the char zone.
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Conversely if there is essentially no conversion at a high temperature

(2500°F) for the char at this uniform temperature, there will be no con-

version with an increasing temperature gradient in the char. Thus these

reactions can be eliminated from consideration. Correspondingly if there

is complete conversion within the char at a low temperature, there will be

complete conversion for the case of a temperature gradient. Thus this re-

action can be eliminated from consideration and only the products are con-

sidered to be present.

To determine the important chemical reactions in the temperature range

from 500°F to 2500°F, the conversion of an equal molal mixture of the re-

actants flowing in the char was determined at mass flux rates of 0°01 and

0.05 ib per ft2-sec for nearly all of the reactions reported in reference

(3) and someadditional reactions. These results are tabulated in Appendix

B for temperatures from 500°F to 3000°F in 500°F intervals for a mass flux

of 0.01 ib per ft2-sec. The lower mass flux rate gave a longer residence

time of the species in the char, and consequently a higher conversion.

However, in comparing the conversions in general there was only a relatively

small decrease in conversion due to the five-fold increase in the mass flux

rate. Consequently only the conversions are reported at a mass flux of

0.01 ib per ft2-sec in Tables BI through B4.

In Figure 5 the conversion for two reactions are given as a function

of temperature. These are the thermal decomposition of pure ethylene and

pure acetylene. It can be concluded by examining this figure that there

would be no conversion of ethylene in the char for temperatures less than

1000°F and no conversion of acetylene for temperatures less than 2000°F.

However the thermal cracking of ethylene would be important for temperatures

above 1000°F and for acetylene above 2000°F.
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To make the discussion quantative, the conversion of a reactant is

defined as the ratio of the amount consumed by reaction to the amount

present initially. To determine the conversion of a chemical reaction

of the form:

aA + bB + cC = nN + o0 + pP (8)

a material balance is made on component j flowing through a volume sec-

tion of the char of area A and width Az as shown in Figure 6. If N. is
]

the molal flux of componentj at z, the material balance on component j for

steady flow in the z direction is:

accumulation of component j = input of component j - output of component j

0 = N]Mj AII + r.M.AAz - NjMjA[ I (9)
z ] J z + Az

where r. is the rate of formation of species j by chemical reaction•
]

arranging the above and taking the limit as Az approaches zero gives:

Re-

The fractional conversion X. of component j is defined as:
]

x. = (ii)J (Njo - Nj) / Njo

where Njo is the molal flux of component j entering the char zone.

ferentiating the above with respect to z gives:

Dif-

dX. dN.

• ___i = _ __i (i2)Njo dz dz
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The continuity equation in terms of the volumetric flow rate Q of gas

entering the char is:

Q = (Njo/Xjo) MoA/P (13)

Equation (i0) using equations (12) and (13) becomes:

PX_o dX.___I = A dz

MO -r.j Q

(14)

This can be integrated from the front surface of the char where X. and z
J

are zero to the back surface at z = L where X = X and the re-
j jL

sult is:

px _X dXio jL ___j = A • L _ V - S t (15)
-r. Q Q

Mo o 3

where St is the average residence time or space time, i.e., the average

time a molecule stays in the char.

The reaction rate r. for component A of equation (8) has the form:
3

rA = -kf CaACbBCC C ÷ krCnNC°0CPp (i6)

and this is needed to integrate equation (15). A trial and error solu-

tion of the above integral equation is necessary to determine the final

conversion XjL since the average residence time, St, is known for a given

char depth and decomposition products mass flux.

A computer program was written which obtains the solution for equation

(15) using equation (16). The final conversion is varied in the solution

technique until the calculated value of St corresponds to the known St to
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with 0.1%. A Simpson's rule integration is employed to evaluate the inte-

gral of equation (15). A flow diagram of the program is given in Figure B1

of Appendix B along with a print-out of the program and a set of typical

calculations.

The results of the computations using this program are given in Tables

B-I through B-4. This includes the conversion for each reaction as a func-

tion of temperature from 500°F to 3000°F in steps of 500°F. As is seen

there are a number of reactions which have a significant conversion in this

temperature range. All of these reactions could occur in the char zone if

the reactants are amongthe species formed by the phenolic resin-nylon de-

composition, or if the reactants are products from other reactions of the

degradation species. A further reduction in the numberof reactions can be

obtained and is discussed below.

B. Estimation'of Species Entering the Char Zone

The number of chemical reactions that should be considered for non-

equilibrium flow can be reduced further if the composition of the plastic

degradation products entering the char from the decomposition zone is known.

There are two sources to estimate this initial composition - from thermo-

dynamic equilibrium calculations and from thermal- gravimetric and pyrolysis

gas chromatographic analyses. A comparison of the initial compositions

from these two methods are shown in Table 5. It can be seen that there is

agreement in the order of magnitude of each species present.

The results given for the composition of the degradation products

from a 50% (wt) phenolic resin - 50% (wt) nylon mixture was computed by

the free energy minimization technique described by del Valle, et.al___.,(4).

Other species were also considered to be present and appdared in concen-

trations of less than 10 -20 mole per cent. These were atomic and molecular
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Table 5. Composition of Degradation Products from Phenolic Resin, Nylon
and a 50%Phenolic Resin - 50%Wt. Nylon Mixture in mole percent

Thermalgravimetric and Pyrolysis
Gas Chromatographic Analyses

Equilibrium Composition
Calculated for the Phe- Phenolic Resin Nylon - 6
nolic-Nylon Mixture (4) Only (5) Only (6)

Component at 500°K at 800°K at 500°C 100-1000°C at 400°C

H 2 1.45 43.25 15.1 50.1 0

H20 32.47 19.01 34.8 23.4 35.4

N 2 8.06 6.28 0 0 0

NH 3 0.02 0.02 0 0 0

HCN l0 "ll l0-5 0 0 0

CO 10 -3 1.85 4_5 5.5 0

CO 2 1.52 3.42 0.9 1.6 _ 55.8

CH 4 56.48 26.15 7.8 I0.0 0

-20 -I0

C2H 2 I0 i0 0 0 0

C2H 4 i0 "I0 10 -5 0 0 0.4

C6H 6 10 -20 10 -13 0.2 0.2 5.8

CTH 8 * * 0.8 0.3 0

C6H50H * * 28. i 7. i 0

(CH3) 2C6H30H * * 7.8 1.8 0

Others 0 0 0 0 2.6

Total I00.0 100.O I00.0 I00.0 i00.0

* not considered due to the lack of the necessary free energy data for computations.

liquid products that were obtained during the pyrolysis were not identified, con-

stituted 95% of the total pyrolysis products.
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oxygen and atomic hydrogen. The ratio of moles of solid carbon to total

moles of gases was 1.55 at 500°K and 1.35 at 800°K.

Results given in Table 5 for the degradation products from phenolic

resin by pyrolysis gas chromatographic analysis were reported by Sykes and

Nelson (5). The composition is given at 500°C (773°K) and the average

from IO0°C to 1000°C for comparison. Also for comparison the composition

of the degradation products from the pyrolysis of nylon by thermal gravi-

metric analysis is given in Table 5 from Madorski (6).

Examining these compositions it is seen that the order of magnitude

is the same for the composition of the degradation products obtained from

thermodynamic equilibrium calculations and a linear blend of the data from

the thermal-gravimetric and pyrolysis gas chromatographic analyses. If

these are the compoundsthat enter the char zone in high concentrations

and examining the reactions reported in Tables B1 through B4, it can be

concluded that the chemical reactions given in Table 1 are the ten impor-

tant ones in the temperature range from 500°F to 2500°F.

These reactions were included in the non-equilibrium flow analysis

..... "- _^ +_f_ _n the char zoneto U_L_L_L_iL_e_*_ ....... The analysis is

currently being extended to cover a higher temperature range where a num-

ber of other reactions are important.
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Nomenclature

A

c

H °

J

K

kf

k
r

L

M°

J

N °

J

n

7Pij

Q

q

R

R°

J

r , °

13

S
t

V

W
g

X°

J

X °

J

cross sectional area of the char zone

concentration

enthalpy per unit mass of component j

number of species

forward reaction rate constant

reverse reaction rate constant

width of char zone

average molecular weight of degredation products

molecular weight of component j

molal flux of component j

number of chemical reactions

stochiometric coefficients of the products

volumetric flow rate

heat flux

universal gas constant

reaction rate of component j in moles per unit time per unit

vo iume

stochiometric coefficients of the reactants

average residence time

volume of the char

mass flux of gas in the char pores

conversion of component j

mole fraction of component j

coordinate axis

Y permeability
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A

E

P

forward difference operator

porosity

density

viscosity

Subscripts

CZ

L

refers to char zone

refers to chemical reactions

refers to specie

refers to initial value

refers to final value
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IX. APPENDIXA: DEVELOPMENT OF EQUATIONS OF CHANGE FOR FLOW IN THE CHAR ZONE

A. Energy Equation

Referring to Figure 6, the energy equation for one dimensional flow

of gases through a porous medium accompanied by chemical reactions is ob-

tained by simplifying the general energy equation (7),and this gives:

- dT d Lkj["g dT'] KW E C - ( -- - E _. H r. (AI)
g p dz dz d_z i=l J j

The energy equation for the solid phase is:

d t- dT']

0 = (i - () -_z Lkc -_z_j - (i - E) Hcrc (A2)

Adding equations (AI) and (A2) and defining:

k = E k + (i- E) k (A3)
e g c

as the effective thermal conductivity of the char, gives the differ-

ential equation that describes the energy transfer in the char zone:

W E C dT d _ _k dT_ K+i
g p d'-z = d--z __ e _zz.J - _ H .r. (A4)

j=l J j

For frozen flow in the char zone the above equation reduces to

equation (A5):

-- dT d F dT2
W C E -- = -- Lk (A5)
g p dz dz e dz_

Expanding and rearranging results in a second order, ordinary differential

equation which when solved Rives the temperature profile in the char.
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-- ke _--7 e
(A6)

The energy equation for the equilibrium flow model requires the evalu-

ation of the summation term in equation (A4). Equation (i0) for the reaction

rate, rj, can be written as:

rj =

(A7)

Substituting (A7) into (A4) expanding and rearranging gives the energy equa-

tion for flow with chemical reaction:

d2T dT r" W EC dk e K+I dN -_

dz 2 = d--z L ke - -_T dzz_ e + k-e j=l_ ____IdT"M.j'HjJ

(AS)

In equations (A6) and (AS), the surface temperatures are specified defining

a two point boundary value problem. Therefore, an iterative procedure to

find the correct initial slope that satisfies the boundary conditions was

required to define the temperature profile in the char.

B. Momentum Equation

To obtain the pressure distribution within the char zone the momentum

equation for flow in a porous media must be solved. Because of the relatively

high gas mass flux values (Wg _ 0.06 ib/ft2-sec) inertial as well as vis-

cous effects must be included. The equation with these terms is given be-

low for one dimensional flow in a porous media:

dP 2
= ¢_ u1_ + ppu (A9)dz
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where ¢_u/y represents the viscous term and _pu2 the inertial term (Ii).

To obtain an equation applicable across a finite char thickness, the

continuity equation, _U', gas PWg and the ideal law, = _,_IRT are

combined with equation(A_to give:

-PdP = RT (E_ Wg/y + _ Wg 2) dz (AI0)

Integrating this equation from the front surface where the pressure is PL

to any point P into the char at z gives:

1/2

P = PL + 2R L_ y _
g=Z Z=Z

(Aii)

Evaluation of _ and _ from Experimental Data: In order to solve equation

(All) for the pressure profile within the char zone, y and _, the perme-

ability and inertial coefficient, must be known. Data on y and _ for char

materials are very scarce. However some data were recently obtained by

Southern Research Institute (12) and these were used in this work. Their

data were analyzed using the integrated form of equation (AI0) given below:

(AI2)

A plot of[ _2w_A(p2)RTL] vsl _ ) is a straight line with E/y as the y-intercept

and _, the slope.

A plot of the experimental data from Southern Research Institute (12)

is shown in Figure AI.
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C. Heat Flux at the Char Surfaces

The heat fluxes at the char surfaces are the heat transfer by conduction

to and from the surface and are given by:

= k d_T [
qL

e dz [ z=L
(AI3)

= k dT |

-- I (AI4)qo e dz z=0

Frozen Flow: Integrating equation (A5) for frozen flow gives:

qcz = (qL - qo )
k dT I -k dT

e dzz Iz=L e d--z Z=O

L= E W C dT (AI5)
gP

T
o

where the difference, qcz = qL - qo' is the heat absorbed in the char zone.

Flow with Chemical Reaction: Integrating equation (A4) for flow with chemi-

cal reactions gives:

TL TL

K r K+i r dN.

qcz = ( Z j W L_p3 ) x dT + T_ dT .It . '0...L _.__ j.. _ j

g " J i=l

i=j To To

3

where qcz is the heat absorbed by a reacting gas mixture of K components.

D. Physical Properties

In order to solve equations (i) and (2) the values of the physical

properties as functions of temperature are needed. For the heat capacity

of each component the usual polynomial form is employed as shown below

where the values of the coefficients are obtained from Hougen et.al. (8)
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and McBride (9).

C
Pi

= a + bT + cT2 + dT3 + eT4 (AI7)

The meanheat capacity of the gas mixture is calculated using a molal

weighted average as shownbelow:

K
C = i_=l (Cpi) Yi (AI8)P

The overall thermal conductivity as a function of the gas conduc-

tivity, the char conductivity and the porosity is given by equation (A3).

k = (kg) (E) + (kc) (i - E)
e

In this study, experimental data reported for the char conductivity (i0)

were taken to be equal to the overall the_lal conductivity. The reason is

that the thermal conductivity measurements were made for char materials

containing an inert gas in the pores (I0). The equation for the char con-

ductivity was obtained by a least square fit of the data reported for an

inert gas within the pores of the char (i0).
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Xl. APPENDIX B - ISOTHE_L FLOW ANALYSIS

In this appendix the results of the computations of the conversion as

a function of temperature are given for a number of chemical reactions.

This is part of the information that was required to select the important

reactions that occurred in the char zone in the temperature range from

500°F to 2500°F.

In Table B-I the conversion of a number of hydrocarbon pyrolysis

reactions are given in 500°F intervals from 500°F to 3000°F for a mass

flux of 0.01 ib per ft2sec. Similar results are given in Table B-2 for a

number of oxygen and hydrogen reactions, in Table B-3 for nitrogen and

ammonia reactions, and in Table B-4 for carbon, hydrocarbon and oxygen

reactions. In Figure B-I as flow diagram of the program is given that out-

lines the method of computing the conversion as discussed in the previous

section of this report. Following the flow diagram a print-out of the

computer program is given in Table B-5 along with a print-out of typical

results.

The kinetic constanLs ..... _= ^_i_,,i_++ ........... _ly ob-_tu_uyeu in _^ _ .....................

tained from a literature survey (3). In the comment column of Tables B-I,

B-2, B-3, and B-4 the reference is given for the source of the kinetic

data. The information given in these four tables should not be considered

to be complete as additional data is being found almost every day. A

future report will up-date this information and give a comparison of all

of the kinetic data found in the literature.
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Figure B-I. Flow Diagram of tile Computer Program

to Compute the Conversion of a Chemical Reaction

Occurring in the Char Zone Isothermally

Input Data

Chemical Reaction - EQN (I)

Stochiometric Coefficients - RI, R2, R3, PI, P2, P3

Rate Equation Exponents - R4, R5, R6, P4, P5, P6

Molecular Weights - FWRI, FWR2, FWR3, FWPI, FWP2, F_fP3

Initial Composition (mole fraction) - XRI, XR2, XR3, XPI, XP2, XP3

Rate Constants k = A T-s exp[-E/RT]

Forward Reaction A = AF, s = SF, E = AEF

Reverse Reaction A = AR, s = SR, E = AER

Print heading and initial composition

Values of the Parameters

Temperature - T, 500°F initially, Pressure-P, 1.0 atms.

Mass Flux (ib/ft2-sec.) - W, 0.01 or 0.05 as specified

Calculation of Space Time (cc-sec/gm-mole) - ST

Initial Values of the Iterative Solution

Conversion - XCAF = 1.0

Incremental change in conversion - SA = 0.1

Interval for Simpson's Rule integration - HI = XeAF/100



47

Compute intermediate values of the reaction rate

for values of the conversion from 0 to XCAF

R4 R5 R6 P4 P5 P6

-rRl = kf CR1CR2 CR3 - krCp1 Cp2 Cp3

kf = FK k = RFr

Integrate numerically to calcuiate space time - VFTO

XCAF

VFTO = f
o

dXR1 /(-rRl)

Conversion routine to have IST - VFTO I _ 0.1

(See the following page)

I- Print Results

I Increase Temperature by 500°F increments
tn 3000°F_ calculating the conversion each time

R_ad data for another equation I
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Conversion Routine

F.......]'Yes _ l

]__---"_ XCAF < 00l I_ YesI_ " i

ISA= 1/2 sA]N--°-_.XCAT_>S--_A,"

|
_?Yes

_>]XCAF = XCAF - SA

Repeat calculations "*

lwith new XCAF

s:>:o-:°

Is:_- wToi _ O.l --

, No

IVFTO > ST _'-- #iVFTO < o -->'XCAF > 0.9999 _les;_

Yes .... _,_No .........

No

l

Y_AF = XCAF + SA I

SA = 1/2 SA i

J
XCAF > 0.9999999: .............

Nf Yes
i
i

I SA = 1/2 SA !

XCAF = XCAF - SA
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$1BFTC _IN

C I_.CSA PROJECT NC. 135-30-8621

..... C........CALCLLATICK OF THE CONVERSION FOR CHEMICAL REACTIO_N s........
C TFAT PCSSIBLY OC'..UR iN THE DECOMPOSITION ZONE OF

C CF_RBINC- ABLATORS. THE RESULTS COV,PUTED ARE FOR THE

C ISCTFER_AL FLO_ IN TFE CHAR ZONE AT TEMPERATURES-

C FRC_ 500.C-OF TO 3000.0-OF

--C .... N._SA GR._NT NGR-19-O01-01-6 ........................
L C EVALLATICN OF THE ENERGY TRANSFER IN THE CHAR ZCNE CURING ABLATION

C PRCJECT Nb_BER 1303 5306"/

C............. _I-,vENSICN Y(150)-, EQN{150} .......

c

....c .....REA-C--TPE-E-QUATION RI+R2+R3=PI+P2+P3 ....

1111 REAC?29,.[ EQN( I }, I=I, 12_}..............

729 FCRJVAT{ 12A6)

-. C_ .....

C REAC THE-STOCHIO"ETRIC cOEFFICIENTS-oF- THE RATE EQI]AildN- .................

...............R_AC?30 _R 1_ R2j R31P I_.P2, P_3_..................

C

C ._ REAC EXPCNENTS ON. THE COMPOSITIONS OF _THE RATE_ EQUA_TION

REAC /30,RA,RS,R6_ P4_ P5jP6

.... 73C FORV_ T (6F_.4._0_}..... _............................................_ ......................

C

C REAC THE _OL WGT OF THE COMPONENTS

REAC? 31, F"ARI, F'AR2, FWR3, FWP 1_ FWP2, FWP3

.........731. FORW.,aT (6F5.. O) ...............................

C

.......C.........RE_C THE .INITIAL COMPOSITION OF .THE_REACTANI'_S _!LN.._.CLE_F_RAC.TI..ON.........

REAC5 ,XRI,XR2, XR3,XPI _XP21XP3

......_5 FG RIv,_ T (6E.I0..0.)_
C

.......C ...... R_A_ THE COEFFICIENTS OF THE FORWARD REACTION_RATE CO_NSTANT

C UIXITS OF AF ARE IN CUBIC-CM,G_-MOLES AND SEC

..... C .UNITS_ OF AEF _ARE IN__K_CAL__PER G_-MO.LE

READ?33, AF,SF_AEF

.........733 FGRMAT {E8.0,2F6_. (_} .................

C

......C.........REAO THE CCEFF[CIENTS OF THE. REVERSE REACT.I.ON_RATE CO_I_STANT

C UNITS OF AR ARE IN CUSIC-CM,GM-MOLES AND SEC

.......£ .......UNITS OF AER ARE..IN_ K.CAL_P..ER_G,U_-NOLE
REAB?331AR, SR_ AER

828 PRINT829, (EQNI I}, I=l, 12)

829.. FCRt.'AT{IFI_I2A6) _.

PRINT 830

.... 830___FORMAT{ IX,35HINITIAL COMPOSITION (MOLE_FRAC_.TION.))

PRINI 833,XRI, XR2, XR3, XP1, XP2,XP3



50
C

831

8311

C

C

PRINT 831
FORW_T{IHC_IO5_F!NAL CO_POSITiON {MOLE

I TEWF FRACTIONAL SP.TIME (CC-SEC/MOL)
PRINT 8311
FORH_T(I_ tlO5H R1 R2 R3

I (OF) CONVERSIO_ COMPUTED SPECIFIED

FRACTION}

REACTION RATE )

PI P2 P3

(MOL/CC-SEC) }

C

_ASSFEUXOF DECOMPOSITION PRODUCT{,W, -IN LB/FT2-SEC ......................

......W_O.Ol .................................................._...........................................

C INITIAL VALUE OF TEMPERATURE,T, IS 500-OF

T_50C.
C -INITIAL VALUE CF THE PRESSURE ,P, IS 1.0

P=I.0

__ C GAS. CONSTANT,R, IN CALORIESIGMMOLE-OK .
R=I,_87

C

C

C

C

C

C

C

C

C

C

.......... C ...........

ATMS

CALCLLATICN OF THE-AVERAGE MOL WGT-OF-THE GAS,FWA ...................

ENTERING THE CFAR ZONE
FWAR=FWRI*XRI+FW_2*XR2+FWR3*XR3 ..........................................................
FWAP:FWPI*XPI+FWP2*XP2+FWP3*XP3
FWA_FWAR_FWAP

CALCULATICN OF THEMOL-AL FLo_

FTO FAS UNITS OF GPMOLES PER

FTO={454.C*W}/FWA

RATE-OF THE GAS,-FTO ...................

FT-FT SEC

CALCULATIONOF-MOLAL-FLUX oF THE INDIVIDUAL COMPCNENTS ............

NOLAL FLUX UNITS ARE GMMOLES PER FT-FT SEC

FRIO=XRI*FTO

FR20=XR2*FTO ................................................................................. • _ .
FR3C=XR3*FTO
FPIO:XPI*FTO
FP20=XP2*FTO

FP_30:XP3*FTO ......................................................................................

CALCULATION OF THE SPACE TIME,ST,IN CUBIC-CM

$T_{C.25*I44.0)/{FT0*O.06103}

C
..... -C.......-CCNVERS-ION--OF-100 PERCENT

.... C .......XCAF IS JF_,E CCNVER.SION OF
XCAF=I .0

.........C ........NO CENVERSION. OF .P_RODUCTS INITIALLY
XCA=C .0

....C ........TNITIAL INCREMENTAL CHANGEtSAtOF
SA:O. I

.......... C .....

C cALCULATiCNOF SPA-CE-TIME _FOR AN

SECIGPMOLES

IS ASSUMED INI-TIAL-LY .........................

COMPONENT At INITIALLY 1.O

THE CONVERSION XCAF

A.SSUMED CONVER_SI oN_X-cAF. ...........

C REPEAT CALCULATIONS UNTIL CALCULATED SPACE TIME IS EQUAL

-C..........TO TNE KNEWN VAL_E. THIS DETERMINES THE CORRECT VALUE

....C ........OF_TFE FINAL CONVERSION ..........................................................
C

C FIRST
C- DETERMINE CONCENTRATION OF COMPOHENTS FoR VARIOUS

.......... C....... INTERMECIATE CCNVERSIONS_XCA.CONCENTRATION ARE
C IN GP-MCLESICUBIC-CM

..... C...... INCRENENT_L CHANGE IN XCA IS HI ...........................................
2222 h;I_XCAF/100.O



5.1

:.............xcA .o..............................................................
C

CCI I=I,I01

...... C ........... _ .............

C F/S ARE NCLAL FLUXES -CORRESPONDING TO CONVERSION XCA

C NOLAL FLUXES HAVF UNITS OF GKNCLES/FT-FT SEC

C

FRI= {1.0-XCA.)*FRIO

FR2=FR2g-{ FRIO*XCA*R2)/RI

FR3= FR3D-{ FRIO,XCA*R3 )/R1

FPI=FPIO-_ {FR IO*XCA*P1}/RI

FP2=FP2C÷ (FRIO*XCA*P2)/RI

FP3-F PBO+ (FRIO*XCA*P3 }/RI

C

- C .......-TIHE-IOT-AL MoLAL-FLuX CORRESPONDING TO-CONVERsi-oN XCA IS FT ..............

C FT HaS UNITS OF CM-MOLES/FT-FT-SEC

FT-FTC÷ {FRIO*XCA )*(PI+P2÷P3-RI-R2-R3)/RI

C

........C........CALCLLATICN OF THE COHPOSITION OF THE REACTING MIXTURE ..................

C C/S aRE CONCENTRATIONS IN GMMOLES/CUBIC-CM

RR=82.054

TCK- (T-_460.0) / I •8

H=P/(RR_TCK*FT)

CRI:FRI*H

CR2=.FR2*H

CR3=FR3*F

CPI--,FPI*F

.... CP2=FP2*H ......................................................................
CP3=FP3*H

..... C ........

C CALCLLATi-£-N-O-FR_TECoNsTANTS-FOR-FORWARD AND REVERSE REACTIONS ..........

....C . RATE CONSTANT UNITS ARE_IN CUBIC CM.,GMMOLES AND SEC
C

_ _C .... FORWARD REACTICN RATE CONSTANT, FK
FK-_AF*TGK _* {-SF )*EXP ((-AEF* 1C00. O) / (R*TOK }) .................................

.... C ........................................... .__

C REVERSE REA_CT-i_N RATE CONSTANT, RK

.............RK--nAR*TOK**.(-SR }_EXP ((-AER*ICO0.O) / (R*_TOK} )..........................................
C

_. C .......CALCLLATICN OF REACTION RATE,RA,OF COM,PONENT A
.C RA H_S UNITS OF GMMOLES/CUBIC-CM SEC

.......... RA_FK_ { CR I _.R4 )* { CR2**R5) * ( CR3**R6 )--RK* (CP I** p4) * ( CP2*.*P_5 ) _*_............
l(CP3_*P6)

--- C .....................................

C CALCULATION OF F,UNCTION UNDER INTEGRAL-I/RA=Y{I)

............._y|I}=I.O/RA
C

.... C .......

1 "XCA=XCA÷H I

.....C...... STEP XCA TO GENERATE 101 VALUES OF Y{I)
C CALCLLATICN OF FINAL CO_POSITION {MOLE FRAC:rIO-N) .............................

............ YRI=FRI/FT
YR2=FR2/FT

.......... YR3=FR31FT ........................................... :..................................
YPI"_FPIIFT

....... YP2=F_PZIFT

YP3=.F P3/ET
....... C .........................

C CALCLLATICN OF SPACE TIME FOR--THE sPECIFIED--CONVERSION,XCAF ........



I" C.......... INTEGRATI£N IS PERFORMED USING SIMPSONS RULE
SUVI:O.O

5Z

su_2=o.o .........................................................................................
BC2 I=2,1C0

2 SUNI=2.0*YII)+SU_I .................................................

DC3 I=2,100,2
3 SU_2:2.O_Y(1)+SUM2 ....... - .........

C INTEGRAL VALUE IS VlNT-UNITS ARE CUBIC-CM SEC/GMMOLES OF A
VINT=(HI/3.0 )*{Y( [)+SUMI+SUN2+Y( I0 I) ) .....

C SPACE TIME CALCULATE_ IS VFTO-UNITS ARE CUBIC-CM SEC/GNMCIES
VFTO=XRI*VINT

C

-- " C .............................................................................................

C CCNPUTAIICN STOPS IF SA IS LESS THAN I.OE-IO

IFISA.GT.I.OE-IO)GO TO 777

GO TC 123
777 CONTINUE ................................................................................

C DETERMINE IF TFE DIFFERENCE BETWEEN THE SPECIFIED AND
--C ........CALCbLATEO SPACE TIME IS WITHIN 0.1. IF YES INCREASE THE ................

C TEMPERATbRE BY 500-OF

CALL SSWTCH{I,JOB)

GC TC {1111_778}tJOB

IF(A_S(ST-VFTO).tT.O.-I) GOTO 123 .....................................................778

C

C

C ......

C

C
C

C

C

C

C

DEIERWINE IFVFT3 IS GREATER THAN-ST ....................................................
IFIVFTO.GT.ST)GOTOI234

VFTO IS LESS T_A_ ST

IS VFTO NEGATIVE

YES-REDUCE XCAF

NO-CCNTINUE

IFIVFTC.LT.O.O) GO TO 1321

THE CALCULATION STOPS iF THE-CONVERSIONIS-GREATER-THAN _9.99 PERCENT

.......... IF(XCAF.GT.O.9G99)GO TO 321
C

C ..... THE FREVIOUS VALUE OF VFTO IS RECALCULATED BY INCREASXNG
C XCAF BY TFE AMOUNT OF SA
C T_EN CHANGE SA T9 0.5*SA

XCAF=XCAF_SA
SA_O,5_SA

GCTO 2222 ........... _........................................................... :..............
C

'-C ....... C-_ECKTC-iNSURE XCAFIS LEss-THANI:O ..................

......... 321 IF(XCAF.GT.O.9_9999)GO TO 112 ...................................... ..............
GCTOI23

.__ 112 SAGO. 5,SA
XCAF _ XCAF Z SA ...................................................................................

................ GO T£ 2222 .........................................................
C .............. . .......................

C ...... VFTO IS GREATER THAN ST
C ......................................................

C THE CALCULATION STOPS IF THE CONVERSION IS LESS THAN 0.05 PERCENT
1234 IF(XCAF.LE.O.OI)GOTOI23

..... C ....................

C

C..... A CHECK TO PREVENT XCAF - SA = 0

1321 IFIXCAF.GT.SA) GO TO 4321
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SA = 0.5_SA

C
C ........... THE VALUE OF XCAF ISREDUCED BY-THE VALUE--OF S-A................................

4321XCAF:XCAF-SA
C
C THEN THE CALCULATION IS REPEATED TO DETERMINE A

.................................

C NE_ SPACE TIME FOR COMPARISON
C

-- t ....... V#TCIS--ESSENTIALLY EQUAL--TO ST -CWITHIN-O.i-) ..................................... '

C OR ...............................................
....... C...... c_NVERS-ICN;XCAF,- IS-LESS THAN 0.5 PERCENT

.... c ......................... OR
C CONVERSION, XCAF, IS GREATERTHAN 99.96--PERCENT ............................................ i
C PRINT TFE RESULTS

123 PRINT 833,YR1,YR2,.YR3,YP1,YP2'YP3,T,XCAF,VFTo_sT_RA ............................ '

833 FORN_T{ 1HCy 6F8.4, Fg. 1 t F8.4,3E 12.5)
........................

C
C
C

READ NEW DATA IF THE CONVERSION IS I00 PERCENT
CONVERSION WILL BE lOO PERCENT FOR ALL HIGHER TEMPERATURES
•IF(XCAF.CT.0.99) GO TO 2208

C

C ........ THEN REPEAT THE CALCULATIONS AT THE NE_ TEMPERATURE
C

C ......... INCREASE THE TEMPERATURE By 500-OF
T=T+500°

C .........

C RESET xcAF-ANO-S_ ..............................................................................

....... SA = 0.I ....................................................................................................
XCAF=I.O

- ._C ............................. .

C IF TEE TENPERATURE-IS LESS TNAN-OR-E-QUAL TO 7000-OF

. C........ C_NTINUE THE CALCULATION
IF(T.LE°7OOOoO}GOTO 2222

C
C

.....C.... PRINT EATA .....................................................................................................................
2208 PRINT 2209,W

_. 2209 Ft]RMAT(1F-,25H MASS FLUX(LB/FT2_SEC} E_LF8..4} .................... i .............
P.R[NT 22 lO, AF, S F, .aEF

.... 2210 FOR_T(1EO,3HAF=IEg.2,5H ..SF=IF6.2,6H. AEF=tF6.1}
PRINT2211_AR,SR,AER

......221I FORMAT|IFO,3HAR=,Eg.2,SH ....SR=,F6.2,6H_.AER=,F&.!) ......................................
PRINT2212

.....2212 FORM_T(IHO,29HFW_I FWR2 FWR3 FWPI FWP2 FwP3) ........................................
PRINT2213_FWRI,FWR2,FWR3,FWPIrFWP2,FWP3

___ 221-3 FORM_T|I_O,6F6.1) ....................................................................... :...........
PRINT 2218

..... 2218 FOR_T(1EOt28H .... STOCH[OMETRIC COEFFICIENTS}
PRINT2214

2214 FORM_T(l_C,24H R1 R2 R3 _ P1.... P2..... P3) ..........................
PRINT2215,R1,R2,R3,PlyP2,P3

2215 F_R_T(lhO,6F4.1} ...........................................................................
PRINT 2219

2219 FQR_#T(lhO,45H EXPONENTS ON THE COF_P. OF THE RATE EQUATION}
PRINT 2216

2216 FQRM#T(IhO,24H R4 R5 R6 P4 P5 P6)
PRINT 2217_R_R5_P4_P5,P6
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APPENDIX C

TE_RE - PROGRAM FOR THE SOLUTION OF

THE FROZEN FLOW, EQUILIBRIUM AND NON-EQUILIBRIA

FLOW MODELS

The program for the solution of the frozen flow, equilibrium and non-

equilibrium flow cases is composed of several individually tested programs

written in Fortran IV for the IBM 7040 computer. These are labeled TEMPRE,

PROPT, OMEGA, CHAR, MOLFRA, MATINV AND KINET, represented in Figures CI-C5

The specific function of each will be discussed in detail in the following

section.

TEMPRE

This program forms the core of the entire system. All common input

information required by the system is channeled through TEMPRE to the specific

subprograms. The main function of TEMPRE is to calculate the temperature

distribution using a fourth order Runge-Kutta analysis which includes the

convergence sequence used in determining the initial slope needed to pro-

duce a valid profile.

A second portion of TEMPRE is used to calculate the pressure distri-

bution and heat flux within the char zone. Simpson's Rule is used to eval-

uate integrals in the pressure distribution and heat flux equations. Sub-

program OMEGA is used as an interpolation program to first calculate the

viscosity of the gas mixture from the collision integral table and secondly

to interpolate from the temperature distribution (previously generated in

TE_RE) for values corresponding to a specific char depth.
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PROPT

This is the first major subprogra_ which calculates the physical pro-

perty data for the gases as functions of temperature (heat capacity, thermal

conductivity, change in thermal conductivity with temperature). Information

is retrieved from PROPTat each temperature interval generated in the Runge-

Kutta analysis in TEMPRE.SubprogramPROPTdepends on OMEGAfor the value

of the collision integral necessary in calculating the gas physical pro-

perties and CHARfor the value of the char thermal conductivity•

OMEGA

This is the first minor subprogramwhich calculates the collision

thintegral for a pure gas at a specified temperature level. An n-- order

Lagrangian interpolation procedure is used to select the value from a table

containing the collision integral as a function of temperature and the pure

gas in question.

CHAR

This minor subprogram fits a curve to available char thermal conduct-

tivity data for use in calculating an e_fective conductiviLy ...... ^Vc_. J.. U _ _• z'_.J.L y

curve fitting method which best describes the given data can be used.

The above programs comprise the system for the frozen flow model. Ex-

tension to include the equilibrium flow model is accomplished by the addition

of MOLFRA AND MATINV, while the non-equilibrium flow model requires the

addition of KINET to the frozen flow programs.

MOLFRA

This is the second major subprogram which is used to determine the
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equilibrium gas composition (in term of mole fractions), average molecular

weight, net change in the total molar flux, and reaction rate expression

as functions of temperature. The procedure involves the minimization of

the free energy at various tabulated temperature levels. Transfer of data

from MOLFRAto TEMPREis accomplished using OMEGAas an interpolation

method.

MATINV

This minor subprogram is used to find the inverse of a non-singular

N x N matrix. The inversion is performed iteratively by reducing the

original matrix to an identity matrix by a sequence of row operations

followed by applying the same operation to the identity matrix to gener-

ate the inverse.

KINET

This is the third major subprogram which estimates the composition (in

terms of mole fractions), average mole weight, mass flux and reaction rate as

a function of temperature supplied from TEMPRE. The procedure utilizes the

kinetic data of pertinent chemical reactions that occur in the char zone.

Transfer of data for the temperature profile is accomplished in the argu-

ment of the call statement. After calculation of the correct temperature

profile pertinent data is retreived from KINET using O_GA, the interpolation

subprogram.



FIGUREC i
TEMPRE-PROGRAMFORTHECALCULATIONOFTHETEMPERATURE-

PRESSUREPROFILESANDTHEHEATFLUXAT
THESURFACEIN THECHARZONEOFA CHARRINGABLATOR
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INPUTDATA

GUESSSLOPE

INITIALIZE
PARAMETERS

t (NON-EQUILIBRIUm)

I KEY=3
KEY=I (FROZEN) KEY=2 (EQUILIBRIUM)

CALCULATE

AVG. MOLE.WT.

CALL MOLFRA:

GENERATE MOLE

FRACTION, MOLE.

WT., MASS FLUX,

REACTION RATE

VS. TEMPERATURE

USING FREE ENERGY MINIMIZATION

CALL KINET:

GENERATE MOLE

FRACTION, MOLE.

WT., REACTION

RATE AND _SS FLUX

VS. TEMPERATURE

USING KINETIC DATA

CALL PROPT:

GENERATE PHYSICAL

PROPERTY DATA

VS. TEMPERATURE

RUNGE-KUTTA

ANALYSIS

l
IS Tcalc = TL91

J

(D YEs

NO ADJUST GUESS

OF INITIAL SLOPE



TEMPERATUREPROFILE
DEFINEDGOTO
PRESSUREPROFILEANDHEATFLUXCALCULATION

INITIALIZE
PARAMETERS

INCREMENTCHAR
THICKNESSFOR
GRAPHICALINTEGRATION

CALLOMEGA:
GENERATETEMPERATURE
VS. CHARDISTANCE
FROMTEMPERATURE
PROFILECALCULATION

CALCULATEPURE
COMPONENTVISCOSITIES

KEY=I (FROZEN)

CALCULATEVISCOSITY
OFMIXTUREUSINGMOLE.FRACTION
ANDMOLE.WT. DATA

I
L

I
KEY=2,3 (EQUILIBRIUM.-Non-EQUILIBRIUM)

T

CALL OMEGA:

GENERATE MOLE.

FRACTION AND MOLE.

WT. DATA VS.

TEMPERATURE FROM

TEMPERATURE PROFILE

CALCULATION
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DO INCREMENTS ADD UP

TO C}_R THICKNESS ?

YES

ADJUST DISTANCE
BY ONE INCREMENT

SIZE

GRAPHICALLY INTEGRATE

TO GET PRESSURE PROFILE

AND HEAT FLUX AT SURFACE

GO TO NEW DATA



Figure C 2
__PROPT - SUBPROGRAM FOR CALCULATING

PHYSICAL PROPERTY DATA
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I ENTER FROM]"TEMPRE"

CALL OMEGA: GENERATE
LE--_--ARD_E S PARAMETERS

_ITO CALCULATE GAS COMPONENT

I CONDUCTIVIYlES

CALCULATE HEAT CAPACITYOF GAS COMPONENTS

HAVE PHYSICAL PROPERTIES

OF EACH PURECOmPONENT

BEEN CALCULATED?

_ _ YES

NO

CALCULATE THE CONDUCTIVITY

AND HEAT CAPACITY OF

THE GAS MIXTURE

YES
!

HAS CHAR BEEN CALLED I
I

PRIOR TO THIS POINT?_
J

t No
CALL CHAR: GENERATE

CHAR CONDUCTIVITY DATA;

CALCULATE SLOPE AND

Y-INTERCEPT OF LEAST

SQUARES FIT OF DATA

CALCULATE EFFECTIVE>_ THERMAL CONDUCTIVITY

i
CALCULATE CHANGE IN

EFFECTIVE CONDUCTIVITY

WITH TEMPERATURE

RETURN PHYSICAL

PROPERTY DATA TO

TEMPRE
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Figure C 4
MOLFRA- SUBPROGRAMFORTHECALCULATIONOF_LE FRACTIONS,AVERAGE

MOLECb%ARWEIGHT,M_SSFLUX, ANDHEATOFREACTIONVALUESVS.
TEMPERATUREBY A FREEENERGYMINIMIZATIONMETHOD

ENTERFROM]
TEMPREl

i

ARE THERE ANY SOLID I ..........SPECIES?

l
MATERIAL
BALANCE _

I
_ALCULATE THE FREE

ENERGY 1
T

PLACE RE SULTING EQO-AT-i(JNsIIN MATRIX FORM I
i

ICALL MATINV : ]

INVERTMATRIXI ri-i
..... "_72_-.CIL-.LT_----ill7 .......

CALCULATE VALUES OF_Tj ,

xi(solid and xi(gas )

[CALCULATE THE CHANGE IN
i

IFREE ENERGY WITH LAMBDA
i }

pIS dF/d ¢k

OSITIVE?

RE SET MATRIX

SIZE

NO

i,_ 'v

CALCULATE NEW

VALUES OF Yi

|A-_. VALUES CLOSE ;

YES

PRINT RESULTS AND]

MATINV - SUBPROGRAM TO INVERT THE MATRIX FORMED IN MOLFRA

(STANDARD MATRIX INVERSION COMPUTER PROGRAM)
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Figure C 5
"KINET"-- SUBROUTINEFORTHECALCULATIONOFTHE
RATEOFREACTION,MASSFLUX,AVERAGEMOLECULAR

WEIGHTANDHEATGENERATEDDUETOCHEMICALREACTIONS

I IN FROMTEMLREI,

FIRST TIMEIN? I NO

,,.

--_ READ DATA ._ HAS THE DATA 1BEEN READ IN?

CALCULATE INITIAL 1
MASS FLUX AND AVER -

AGE MOLECULAR WEIGHT

CALCULATE THE
CONCENTRATION

OF EACH SPECIE

I

CALCULATE THE REAC- I

ITION RATE CONSTANTS

I CALCULATE THE REACTION IRATE OF EACH SPECIE
I

MATERIAL AND ENERGY BALANCE:

-GIVES MASS AND HEAT GAIN OR

LOSS DUE TO CHEMICAL REACTIONS.

I STORE THESE VALUES IN "TABLE" ITO BE USED LATER BY "TEMPRE".

I PRINT TABLE I

I RETURN TO TEMPRE 1

STARTIN_ A

NEW TEMPE-

RATURE PRO-

FILE?

IYES
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.......... FORTRAN S(]URCELISr PRCPT

S Cl,!_CE ST _,T[-MENT

50 CCC;._:CO0

i]EL TF =,qEkTK._ 1,8 ...........................................

..,Cb _.- [ COCP-CDON ) / I DELl F*2 O}

TC :T

_ R_:TURN I

EkC

................................ .-i .............................. Z .................................................................................................



FOP, TkAN SOURCE LIST I-E_PRE

SOURCE STATE_ENT

71

? 17 _ 4--' ..................................... F0_'I_AT C 11T}0,25X,28HLON--EQUIL !BRIUM. FLOW R .......
IESUI TS)

271 PqIr, f ?72_

272 Fi)[ ),_, ',T ( iHO, 3X, 5f,.OELT]-,_)X-; 4HDELP, 7X, 2HQL )

I_r: I_P QLPR I L'T213, D.r-LTT, ....

273 F@R_,'Ar ( IFO, 3F1C.4)
S!_IICI _ Hg. l = OFF, SWITCH _!O, 2 = OFF --- GO TO NEV, CASE i

sHITC'- NO. ! _ (.iFF, S!:_ITCiJ klO, 2 : ON ...... FROZEN TO NON'E(C_UILIBRI[IM .......

S,,ITCH _C. ' = C _, SWITCH NO. 2 {NOT NEEDED} --- JOBS IN SEQUENCE

CALl_ SS,,TCHI l,JO3)

Ct3 TO_274,275),JOB i

_V_ <_:V=<i:V + i ..............................................................................................................................................
'- -' 760 278i F [ I<,:Y-_) 2740,2

2-7A# GC Ttl 3']

275 [FI _'r-'' 275 278,.L-,-t) 27h,
2_. c_Lt. SS'.-,'TCHi-_;JiI_) ...........................................................

GC TC(277,278),JIB

277 :" EY :KE-Y+2

I F( Xi-v-3 ) 277C, 277.0,278

277'] GC fC 3)

27_ GC TC lO

3C- STCP

;: N 13

............................................................................................................................................. I

................................. !
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FORTRAN SQURCE LIST

SOURCE STATEMENT

C SU_!:_qu:rI',JF_ PR.OPT (IHEAT CAPACITY AND CONDUCTIVITY VS. TEJ_PERATURE)

StJORi]tJTINE PROF'T{ TVAR, JCHAR,NDATA,XTKE, ZQ_GA,NDIM3,CPMXICDO,DCDO)

D Ih'Ei4S ICD, iCODE { 20), ALPA(20) ,AA( 20,6), .....

.......... : ........s: { _,_).._:_s.2_!/,), S.:SL.!).,.s'z (___b S SI ;,j.: A! : (._4), A22..!4 .!, Ds 3_(__ )_,A4 4.(4), AS5 i._'} ..........
CI;'ENSION ,^l(20),BI(20),CI(20),DI(20),EI{2C),FI (20),GI(20),

i AII (20), F.I [(27) ,CI I(2C),DI I (20),F_I [(20) ,FI I(20) ,Ol I (2O),FW(20),
........ 2- - Y I ( 2_;] ,-CK ( 2C,);-S iO i 2{i _,k-{ 2o) ....................................

OIt'ENSI{]q CP{29,),CV(20) ,COND(20) ,XFKE-_(IOO) ,ZOf.%A(IOO)

........... C.-£_-V_]']--i4d _-i:_4_,-_t_ !;-,-_.,.'-i ,-Pl_ ;RR, TZF__O-,-DE[TK, ICODE ' AI_PA ,AA, St, $2-, $3 p ................

I S/,, 55, h II_A22,A33,A44, A55

CO_t"C".1 EK, _'IG,EPS,Y

RAkK I N= ! • 8*TVAR

F ,":,P:EN = P.A K K IN-460.O

r= TRAP,
I "_ rz 1TC =T+,.,L,_ TK

500 00516 i= I t_'iC

TKE=(I.C,/EK.(1) )*TC

C"_tI_ n,. _ ......,....ECA{TKE,XTKF,ZSMGA, IMAX,NDI_3,0MGA)

IF(TC-IC::C,.9}5C5,505-,506

.5'? 5_ __£.p (T).=A I I..(I.)+.B_[.I(.I!._..Tc..+_c..I: (.I_)__rc.___.2.+_.D_I !..(_l.i__T_.C.**.3.+_E_i_.I_{I ).tC..._¢.............................
gl] r{! 507

._5'De __CP.!..I)- :.I (! )+B ! (_I.)_-_TC+C_I ( I )..TC._2+Ol ( I ). TC**3_+.E I ( I )_TC**4 .........................
587 CV( I)={CP( I }-RR)

TOP= ? .{603-10.3_:-*(-5.0)* (FC/FW( I ) )-=*0.5. (CV(I) +4.4.7 )

BrDT= (s-iG (i) *-2.07ohO-A-) ........................................

CO>iO( I)=TOPIBOT

516 C!]V:T I >IUE

r,-,,¢v_o O
..... L,r" - '.A "2J_'_ _"................................................................................................

C D ..',1X=O. O

-,r- 37 _iC[,,_: 5 J= l ,
SU[..ib_=, __,- _ " ;_,k--i,dLi.j ;-,,G-E, _,_iJl........................................................

.................. C.Pi"X ;C PXX+ SU'4CP
S tJ h_C[';= C C]i',lO ( J ) *Y ( J )

CD:qX =CF_ ._IX+SUMCO

5z-7.......Co:/f {r_UE ....................................................
C;r.j TO. (SSS,53gIIJCHAR

518 C D-t_[ CI-4AP. ( SLOPE ,Y INTCP, KQDE)

..>- c 0 _-..#IS .SCI- A.> T._L P. ...............................................................................................................................
YCI-:2=Y INFCP

C C('H/;#= ( Sr}4A_*TC,. ) ÷YCHAR
CI-/,P-#= "_" ; " 2_Y. 7......................................( _._Ci:t',R-..u. -_8 )/( 252.0" l. 8 }

" A - " 30. z, . . .c: :',_ =(C[.'_,',X_ 8}I(252 O'*l 8)

GC ID ( 541:0, 5qO I ) ,K{3DE ........................

5,'_0 _" C CC =C 14AP,V.
..... }" . ...... _ ................................................... " ...............................................................................

GO T@ 54,2'2

5491 CDE=CAS<_._r_S + CHARK*{ I.O--E-PS)

54 ;.-:.2 [ F ( A_S ( T- TO )-.r :,:;0l ) 560 , 560 , 540

5"]8 IF{T-T<)541,55P, 550
5'+1 C DI.'P =CO{]

I{2=!-DEL IK
J C I--A'.>,= 2

"'_:_ T{] 500
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FORTRAN SOURCE LIST

S CU:_,C E STAIEN_NT

74

[F.FTC Ci-'EGA

S U {__dL;U f-I _<E---O_ E GA i V _R, X-, F, I M._X, NAME, SOM) ...........

_][VC-',:SICN X(NAh:E) _F(NAWE) tXN(BO'D)_FN(300)

,XPTS=3

b_7 XU,°=I. E30

........ ce-LiT f_-i-/fR-_x .......................................................................................................................
T=VAR-X(I) i

I F ( T ) &CE, _6('-3_6C9 i
_C8 T=--r
........................................................................................

¢:C9 I F ( T-XtJP ).6 ]0_611 _ 611
i

"IC IP=f i
......................................................................................................................................................................... 4

XUP=T
_II CONTINUE i

...... i_,!= i....................................................................................... 1
NPP=kPTS+I I

CCG 13 [ =l _!.4PP

FN(1)=F(IP).

XX( I)=×(IP)

IF( I,_')612,612,613
'-12 l Q--] J- l ..................................................................................................

SC TO 615

517 IC=IP+I

IF(!t,'.'tX-[C)6tz_,6l.S_6t5

_14 -I 2= IPL--I ".............................................................................................................................................................

GO T(] 618

_,15-- IF( I_.,<) ....6i.i-_---K-_-;_,_ 1,..,6 .....................................................................1.7

1,16 [P=IP+l

CC ri:6i8- .............................................................................................. i

.St7 IP=IO

I N = - I :1
-_19 {]CN r I',IUE

SCV-n -6 ........................................................................

FACT=I.O

¢:.nf-2(_ .]=I ;NPTS

........Sc :'.= S C.t'_) FA.C T ,.F.i:I_._(.t.1__...................................................................................................................
D{'419 [=J,NPTS

[Q=[-J+l

319 -t-::q( [Oi---IF,_[-iQ+I-)L-Fic;(-fQ))-/Ixr4I[-+I)L;xNII-Q)-)- ......................................

-20 FACT=FACT_- (V AR-XN (J) )

R i- T LiR N

EN C



SCI_RC_ST_TEMEN.T

Ffl_TP, AN

7_5

SOURCE LIST .................... i <:r',

2F IC Ck,AR

S'J_C_.,TII'4F. CHAR -i CHAR. CO" "...... f_DUuTIVITY VS TE,_IPERATURE SLOPE AND [NTERCEPT)
StJE_Ob f ItlE Ct!AR {SLOPE, Y INTCP, KODE )

• UI.,VE'qSICN vCGX-iJIIOS),YCONO(I0O)- ...................................

Mg/_fA:NO. OF XCO'_O VS, YCDND C_TA POINTS

........... k-O[,E= t( [_A rA _CI ri_ -] fiEKTS ]TN -PORES) ...... L- -# '(D}_T#-WITH--EV-ACUATED--isORES ) ...........

RE_,CT",r,. ., _aDAfA,KODE.

" " xcci,:,c= revPEP._rUhE (OK) .............................................

YCCXC=CP,_R CCNDUCTIVITY TABULATED vs TEMPERATURE (CAL/CM-SEC-OK)
.......P.E-ADTC I, ( XCONO (I) iYCi3NO ( I ), I =1, MDAtA] .................................

70C FCRI.','_ T ( 216 )

SU,vX =C. 0
st,',,Y =,q. 0 ....................................................
SUvXy:C ,0

...... s6:_X 2=.C.o .................................................................................

SL':_Y? =C -O

......... :f_-;".'c ,', TA-................................................................................................................................................................
CC710 J = l ,t"iOATA

I S U;a f : SUM {+YCOND ( J )
S/I_X'Y:cUF,XY+:<COND(.._ J ) _-YCCNO (_J-) ....................

SU'.:X2= SUMXZ+XCOND [J ) _2.0

................S U ':IV2 =-5U i<Y 2 <LYCCjN D( J f-__ 2. _...............................................................................................
TIC CO,, , I ",;UE

20 SI_'"PE=[SUI',_XY-(SUMX*SUh_Y/TN),; )I(StJMX2-(SUN,X_-*Z-_,OiTN) ) .........................

30 v I :,ircp= ( SU_Y - ( SLOPE* SUMX ) ) /TN

RE TUP,'I

E N["



P
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I

; FORTRAN SO-ORCE LIST
F,Ct: c[.... SCU _ _ _-fATE_'E'41"

L[BFI"'C S'('LFP. A
'_ F . ' ............SU[} mQtjl- I No: ,._CL -RA ( i< [!.tJ,,.JT, KP T3, rABL E, ,<16)

ECUA..,(..] ( DEL V&IL#-.,%ASA PRQJECT-L35-qO-£621-LSU PROJECT N0-04-I303-40068

CFi{YICAL E[.UILIBP. IUM IN COt'!PLE× RIXTURE-I':FTH`OD OF WHITE-JOHNSON-DANTZfG

gA;-,;C Y.E_TI-Ot(STEEPEST D.F_SCENT),JOURNAL-CHEM[CAL PHYSICS-VCL-28-N05-1958

...... O[YE,i5IC>4 ICODE(20),AI._PA(29),AA(20,6),

t S1(4} , $2(4) ,$3(4), $4(4) ,$5{4),A11(4) ,A22(4),A33(4) ,A44(6) ,A55(4)

i......... C I t.'Ef!S I O._-._'-A I ( 2_ ), BI ( 2,, },-" " ' " C I (20) , oi (20-),_: I ( 2q ) iF [ | 2'.) } ,G I (2.'.3),. ...........

! i r-I [ (__O), LI I[ 2C) ,C I [{2( ),0I [{2'3) ,E[[ (20) ,FI I(20),G[ [ (2O),FW(20),

...............2 YI(2'..)_._-.I2_,),SI._(2.),YI20)rl...... _-:-. - :4 - _- ff ............................

I" I r _ ,'..'S [ !_" G ( 2 "1) X K :,.4( 2'3I....... L'. N YAV , ),YAVGI{2C),XI2O) ,FY{20),C(20) ,FORT|20)I
1 _- ( _I-,; 1} ,3 { 31".1 )-, P i (3L) ;-I P I VOT ( 3'));BB (20), I..NDEX( 31,2), BBP-( 3t ), ............

i 2 FSUt" ( 2(' ) , YSU;" (20) ,YY(2C) , XY(20) ,XI';ASS (20) , YX[ 20) ,PERC| 20) ,

...... 3 CELT._,( 20 },APf, kT (20) ,BPAKT (20) ,ENT ( 20), OOTA (25,25), DOT A1 ( 25"25), ..............

,....... /+. _cP?Lc _._"),cp27}_ : 29b_t_,%L_E_3o, 3ol
................................................................................................

OI:'E.'4SION t.OI4I,gELHI5),FOHQ(5)

CC!,t4", .... _ WI PL Rm TZERO DELTK ICODE ALPA AA,SI $2 $3

s5 /_11. A22.-,_377;.444---,A-55-i $4, , ,

_i Cl OI E! FI Gi All BII eli Oil Ell FII Gi! FW,YICC,_'V'CA AI ,: , , i , , , , , i , , , t

..... CI.],',;"'EN {!<, SIG,_PS,Y .................................

_IF{K6.GT.I 1:__0103174

........ XT= It:-_ r,: _L-T E",_/PF-,zATUI_E-__ ]AT- WHIC}7-EQU [ L-I-BRi-U-N--PROGRAI G iS STARTED ....................

T_.'_t/:FIN.tL ri-,<P__:_._,TUf-tE AF WHICH. EQUILIBRIUM PP.OGRAP IS ENDED

" I:I,\c:T_:<P__P,-ATUR-E [NTFRVAL IN E,OU-ILIBR[UM PROGRAY-CALCULATIONS ..........

CRIT=C-{ITEF, ICN FOR CONVERGENCE IN EQUILIBRIUf." PROGRAM

#FAD7, XF,F'"AX,TINC,CP, IT

. _ ...... _<kDX=_,".<_.Y.I!_,tJ,V. SIZE OF THE SQUARE _ATI<IX
NFPEC:'4O. _FTER v-TA-IE_H-TRACE-CO#PP.NENTS-AR( CH-t-CKEO ...........................

P.E./,C2,NYAX ,.NFR EQ

l F_r4VAT{4EIS,4) ..................................................................................

2 i-Of-treAT ( 216)
3t74 K-.A= # ..........................................................................

............. C._;L..L._FP t 7 ^.P-! - S I ........................................................................................
DO 3 I=I,NS

Y{ i ]:Y[ (I)

..... _,'-::_;c r )= Fi.; ¢:-_.............................................................
"_ CONTINUE

W=Y_ I

h F,= _,C

.NQ : k:S

- " " NA--_y-i l+_Q-N74 ......................................................................

P=,PL/216",-. 17

KP] =0

KP'f 1=0

P AX,NI-: ].Og

KCCf'E=O

K _, E '_O : 3

T:XI

1.7.qS=,\ ri÷ 4

LL:kN+I

N :N .'_
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......... L.............................

i FORTRAN souRcE--lIST Iv:OLFRA ............

i %CtTRCC S rA TE F',E.NT
i ..............................................................................................................................................................

I "KK=r:

iqS ×SFT-;=CR IT._,C PRI_,T_

.... g-FcF<t:;._r()/ILX,,t-_-t_i-QX,5BFO/RT,i3X,I.2HI_._iTIAL Y{I}i/} ..........................
EC; /_3"_ I=t,,,tO ............................

' KCCBE=I

i 45 _',iT_ST=NFRE2.

' NF=I
!

.......... o E[i_-(3-f- X i i_i---r]7_--LfT(U} -_(-,A-F_---TH__ F-,C_-AYS-i_-F -FO ki-!AT-i 0N O-F 'E TH/(NE AND- -B-ENZ ENE ..................

AI-C'K. R_SP_CIIVELY.

9rLP(6)=p, . L3COEA

.......L_ELU (3-;_._ t. 65-1.-7E4 ...............................................................................

PC IS THE rI_Ei,;[CAL POTENTI#AL OF THE ELEMENTS, THAT IS,THE

E_,T_,(L:P-Y CFAZ,_G-E--{R-O}Z -298'i<5 DEGREES -KELVIN TO OK. ,DIVIDED

I-_PIL) '_"'_ _012) ARE THE SUBSCRIPT FOR CARBON ANO HYDROGEN

T IVEI..Y.

SENS IBLE

BY RR*T.

RESPEC-

....... ,.: __.......... _- . _ .......................................................nLI 1 )--2 s I .21 IRR*-T-I ............................................................
14C (2) =--2323.81 ( RR*T )

.......................................................................

.... __.F.( T. O)._.i.C::'-O. ) C-.Or ,<7_62o5..............................................
,3rL /+I I=I,NQ

..... A P,_7.r(. [_) --.A I I(i ).-_..( !.oFALI).G.(T) ).-_B [_[._(.I .).[/2,-CI I I I ) * (T-_.2)/6.
BPARr( I)=-E:I I ( I )-,'.-I r**3 )I12.-EI I I I)*I r*_4) I20.+FI I I I)IT-GII I I!

FOIST( I )=-APr,,aT([)',-BPART(I)
:,Ir,,Ti:_ ALPA([) FORT(1) YII). II _ 11

4 1 Cr.h\T I;4UE

._ - ,,-<-.,-,.:,.....,.,.,,-,-,,,-, ._v..,,g--,_ _:_:R _...................................
....... ,sc [ r.,t..o 2_o
235 DC 62'96 I=l,Nq

,APART ( I ) :A I ( I )* ( [ .-ALOG(T) )-!3I ( I ) *T/2.0-CI ( I )* ( T*{2 )/6.0

BF>A,t r ([) --:DI ( I)*(T*_3) II2.0-EI (I)*(f_*4)/20, O+F I (I)/T-GI (I )

Ft':Rl-([)=:_p.ART{ I)+BPARr(1)

DpIKiT][4,ALPA(I),fORT(IS,Y(I) ..........................

_¢]_ s s_ r [I.IIJE

]2C [ F( T.GF. 15CO. }GO F09131

...........F('IDI_(3)-_NC. FOiLO(5) ?,EP_ESE_TS-TI--!.E TERM F-H/(R*Ti,WHICH IS CALCU- ......

LATED USING TIIE OATA .SY DUFF.(LOS ALAt4f2S SCIENTIFIC LABORATORY

RiPcIRT NuMqE_R 2556, SEPT 18,1961) ,AND IT IS FCP, ETHANE AND BENZENE

..........!___.s._,.E-c -r[ ',s_!_y..............................................................................................................

FCRT(3):FORT(3)+OELH(3}/{RR*T)÷AA(3,L)*HOI1)+IAA(3_2)12.)*,HO(2)
FORT(6,)=FO.f,T(6)÷fDELH(_)i(RR*T)+AA(6, [)r, HO(lI+(AA(6,2)/2.)*t40(2)

GO TO 10"70

13[ hc#T(3)=FO_,Ti3)'EOELH(3ii(RR*T)+AA(3,L)*HO(tI+{AAI3,2)ia-,)*HU(2)

Fc}_r(6)=._I_IKT(6)+D_L!i{6)/(p,P,-,-T)+AA(6,L)_HC)(I)-F(AA (6,2_)/2.)_H0(2)

•, _; ,_i-.:i-,q.L, _vi_,! ..............."-'J _. . a_d . ,J*-£ t

i7 ( J ) =,). i;
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............ '.......................... F-0FRTP, ANSOU_CE- LIST -MOCFRA ............

..... scU_._c__._S_r._T__E__tG...........................................................................................

"DFj _.20 I=I_NQ .............

!_ L_.{ j )__/_S t j ) ._A A :-i-_ 3-} _y (I) ............

_2C CCNTINUE

bL YSA,,-C.C

0_5C1=[7\N

3':- {C,_R=Y_A:I+Y{ I}

_CIOI=L,NN

C(I)=F-OkT{ I)+ALQG(P}

FAC=Y( I } /YBAR
........... [F{F.AC.LT. ] .-E- B 8 ) FAC-=, I .-E: 3 8 .............................................................

.........FY{_.:_}:Z_!__:}__LC{_!_.!.+_:?_eg_!FAC).}..............................................................................................
:C CON: I ,_UE

K .jbE. EC.O) C-OTOI 11 - ...........................................IF{ r,- ,

...... OC - Ii --[-LL-T,NO

FY( I}=Y( I}_-FORT( I} .................................... i
-it CONTINUE .....................................

ill CBCJ=I,_M . . ..............................................

.....:su_=a c ................................................................................................
CC2,'I=I,,XN
V;t_Y=,A-AII,J)*AA{ I,K)_Y(I) ....

2C /_SCM=ASU'4÷#AY

..... '_ :.J '_I } :.# su_ ! ............................................................................................................................

3P CSNTIi,IUE

•..L;cTo_=t_,_!..A...................................................................................
I)C 7CJ = i, NP:

_ _ SUV=C. _....................................................................
I

C0130 [= ! _N\'

, I3C SU,":StJ_'_-IA{I,J)*FY{I) ............

_SUW-=SU_,_+B£ ( J )

__;(,! ,_,! =8Su!! ............................................................................................
7C {2CNTIfIUE

C SUI."= Ci. C ................

O{;r: G I = i, Ni,I

. 8': _.C-!!;.!2-_c:su;_.j:pY! .!.k.........................................................................................................................................
JJ=t'_4+l

._. oc.s:J.=.t,_..........................................................................
91 _(JJ,.} )=CSUM

I_C 1.C'.+.K-I,_M ..............................................................
..... r.suy=,?.o

DO l(?[ [=I,:iN

161. OSbY=i]SUt_+A-_([,K}*Y([)
£bP(K )=t)SU. P

iO _.Cc_,+-rii_OE........................................................................
0OgLOJ = t, PI_] ..............................................................................

9C R,( J, JJ }:P. BP(J}

CCgZ, K=£, Pt4

g4 R(JJ,K)=R(K,,JJ)

i4,I<.= P _v4 I .........................

......... KLJ-JJ ....................................

I F ( KCOOE. E_.C )GCITOIO 50 ................

t-,C] 2g [=LL,.N(_

KK=KB.+! ..............................................................................................
i3C 2g ,}=I,Y.14

P, ( J ,KK } =._.A(_I, J.) ..................................
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FORTRAN SOUP, CE-LIST FOLFRA .............
S{'b' CF_,, S] ,_T Eb!EN T

2_ " CCb_T I:qUE

K_=N_-NN+J.1 ............................................................................

KK=,_N+2

D _5- '-,5 k =-KK ,KL ........................................................

DCg7 J=L,FI_'

...._ _---a iK; 3 } =_C ] ,ki ...........................................................................................................................................................
95 cn_-r i,,;uE

..... £¢- 2i'-+-f .....................................................................................................
0C 1052 J=L,YA

C,_'a---l._ :)3_ ....................................................................................................l:LLi, NO
KV=K,V÷l

0 5-? _ {P_i.',J "i2-FdRT{ fi .....................................................................................................
....2 r CX'T I','UE

............................................................................

S5C C@_TINUE

DO 1044 J:JJ,KL

nC i045 K:[IJ-,_,L.............................................................................
! "l r:. --Ci ._. ,4. P,I..I,K}-_,,O .
[ ..'4 4 C !-INT I:'.!UE ..........................................................................................................................................................................

24 i:[?R_'AT ( E 16.81

C_LL I(,r_TIN_,iI?.;_I--yB-;M,DErERM,IPlVOT_iNOE-x,NIIAk;ISCALE} ..........................

12.01..r, _. I : I , ,JJ

'n"._-. P[(I}=B{ I,_ v} ...............................................................

U=PI{.JO}
X _ t,R=U*Yi?. A :,.

I;:{KC@DE. E".O)GOT059.,,

1.'.I= L L

Dr?. t".32. J=KK;-K[- ..............

.... X{kW)=B{..],_') .............................................................................................................................
1 (C, E. Li_=LW+!

55 D{]6C.I= 1, kN

_C F S b Y { I } =L F V-{-I-} +-(-Ti-I i-/9 B AR } ; X B/_R ............................................

L}c 1 1r?, [ = i ,q N

PSUY:U .

L',C l _,.P",J : 1, _te

!2," PSUW:PSU:4+PI(J}.AA( I,J}

YSL ;w( [)=PSUM*Y([)

i lr X(I)=F..,U_ (.L)+YSUMII}
XLAVBD=I.

__-tc -_,_-.. 8L [ : t, '46 ......................................................
DELrA{I}=X{I}-YII}

.......................................................................................................... £_ ..............................................

@_ C['NTI,NUE

[) E!3 AR-9 •

B7 O_-eA_=;)E;3A_,+DELTA{ I }
93 C FCLL-O . - .........................................

DC_ ,£I .=t _,y,iO...........................................................................................................................
I'--( ICOOE( I ).EQ.I)GOTO83

96 FAC:{Y{ I }+XLAMBC_DELTA(I.}}/IYBAR+XLAMBD_DEBAR)

.... _8 IF]FAC"GF.". }GorOB2 .............................
_91 ;<LA_'aO .,3" '., : ---× LA,. B D

",_ ",£,-r.,r} ...............................- " iFixL/.\:,;B.3.cr.] ...,c--,_,,,,__r096
82 DFCL=OFDt.+C, ELT_( I }*(C( I }+ALOGiFAC} }

cc ro,98
83 CFCL:DFOl +DELTA(I}*FORT(I)
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...........................................................................................................................80- "
i ........................................... FORTRAN SOURCE LiST MOLFRA .........................

_ T: SCURC F-_ S TAT,_,4EX'
i .....................................................................................................................

8P C'_TI;.IUE.:J

IFID-FDi.- L-l.--,ci.)GOl=089 ..................

XLAW_,D=. 9-× LAMBD

.... IFIXLA_'iB_.GT.]..G_ L 9-)GOTOg3 ....................................................................

Y(I)=Y(1)+XLAWBD*DELTAII)

76 CCNTINUE ................................................................
r .... SUNY;=O .- ..............................

0037+." I= i ,NN

-3-_7C SLJN_'=S!J#,Y+Yi i)- ............................................. .....................................

.m,. _3ET t,=O.
...................................................................................................

DC8,51 = i, _Q
85 _.2T a=LIF;TA+ABS { DELTA ( I ) l

....... I F ( BETA, LT. XBET?, ) COT0800 ..............................................................

Ii:(KX '_;T O) r< ro560
• • _I _J , - ..................................................................

F_C. IF (_,r ..;E.HAXNT) GOT0600

_<[ = F<T+ !

r-r'-i" 0 I0 :)0_.

i_ A X ".JT = _'A X N T + I ']0

N r =',JT + t

.JOE Nh=_C

KX=KX_-I

l F ( g,X, i_T, 2-)rDOT 030G .............................................................

°'I:...PRI_TI6,k'T

'i _ FCR_,;_r(-i-i _k,_-_ FNT--_N 0. I t-{i_kr i e NS-R r_QOi REb = i 5//) ........
P_. [ XT 2", 1 ,XE'ETA

2::1 FCR;-'ATi,Z/1X)7+HiSETA = b12.4/]) .....................................

...... P_71_''r 2.o4 ,:P,T .................................................
P _. ! 'xir 32

20', EGR:,AF(IXl/ItX, 9HPRESSU_E=EJ3.:_ILSX!61!TEP+!P=_13-_l+(t{+)...................................................
32 I:C'Rt.'AT(IIl6X, £hl ,21X,4HYl I ) i 14X,THPERCENT)

XSbWY=}.
.....................................................................................................................

DO 5:301 : l, ,_N

XSU,vY=XSUMY+Y{ I )

•-oC<. rO_TIr,,IIJE_,

X,_'_,_G A S =.') .0

C(]_] 11=I, NN

81 C O.NT I _'IIJE

DO IglI=I,\!Q
.... xIK 7_{_> ( i i _' (i) iXi'iW l ! )/×M_,4GAS .........................................................

17 L C [_I',T I >_TJE ................................................................... .............................................
CE:441 =.[) NQ

.... A_ PP, I_!Tlg, I,"_LPA!!),YII),I_ERCII),X_ASS!! )...............................
I _] FOR,_AT(IX)Ib,3X,Ab)3_2Q,8)

__f'_rGAS=O ......
..... i}P,l,_T i 2

.... !2 FO i_:/Ar(///LX,LllaENTL_')L{_ y(I)/!! ...................................................................................
i)_ TL"I=L,NQ
_,r ( [ )= (A I [ ( I )+_I I( I ).TZEROI2. _-C11 ( I )* {TZERO_*2) 13.÷DI I ( I)*(TZEP, O* ......
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I FORTRAN SOURCE LIST t40LFRASOU_CC STATEMFNI-
I ..................................................................................................................................................................................
!

1"3)/4.+EI] (I)*(TZEBIO**4)/5.+FIIII)/]ZERO)*RR*TZEt<O

...... 2NI(3)=-2C;236E3ENl(6,)=1S.820E3 ............................

.......... I-F-( T. L T-. i C+-.:O. 0 ) G@TO-6 #07 ...............................................

CPDT(I)=(AI (I)*(T-TZERO)+BI(I)*IT**2-TZERO**2)/2.+CI (I)*(T**B-TZER
....... I-C++_ B )/3-"-_-0i ( i i*"i T*&--Z+-TZ E-RO-_-+_?;i22+-:+E i (I)*( T** 5"T ZERO++-*5 )75 : )*RR .....................

DO 296J=2,*iM

...... CP-dT 1 ( J)--( _ 1 (J-i *( T-T Z+EF<O) 4:S2i-j). (T** 2-:T Z-EP, O{-+2 ) / 2, +$3{3 i + (T**3-T ZE .............
+ IRC_,*3)I3.+SZ_(J}*(T*.4-TZERO_*4)/4.+S5(J).(T..5-TZERQ**D)/5.)4:RR++.5
rge COkT liqgE

CP[:TI(1)_(SI(1)*(T-IZERO)+S2(1).(T.+2-TZERO.+2)/2.¢S3CI).(T**3-TZE

S _IT ( I ) , TPR I,k;T_02 i , POT ( I ),,_,,,. _.........................
GCTcu6291

!C7 CP[TT( I )=( A t I ( I )*(T-TZERO)+BI I (I) *(T**2-TZERO._*2)/2.+CI I (I) _ (T**3-

t TZ-E R[]..3 )/_. +_Si-i( i ). (T**z+_T-ZERo**4)+/4. ÷E i i ( i ). (T**5_TZ-ERO**5)/5. ). ........
2AR

....... Dc#oij=z-;n_ ...............................................................................................................................................
CPEI+I ( J )=( L'11(J) * (T-TZERO) _'A22 (J) * ( T*+2-TZERO**2 )/2.+A33(J)* (T**3-

i .... i ] Z ERO# ,_:3; / 3. +A44(J) * ( T** 4- [ZERO**4) 24.++ A55 ( j ) *i T *++5-T Z E RO*-,-5 } / 5. ) *
2_tR-,. 5

__97 CaKT[_+OE- ...............

CPE T I ( 1 ) = ( A l l ( 1 ) _" ( T- TZ ERO ) +A 22 ( t ) * { T**2-T Z[-R C*++2 ) / 2 • +A33 ( 1 ) * ( T **3-

i......_T_E_g**3_/_AA_4_{_)*_(T_**4_T_E_R_*_4)/4_+_A55(_)_*(_T**5-TZEK_**5)/5__' )_ .......

Igl RSUY=O. ...............................................

++-+- +ts C,+=_+SO_ +,'<_ ( +, Y) #C VoYI(-D ) ..........................................

+ PRI_TC'.321,CPDT ( I ) +ENT( I ) ,Tb-21 + {CR+AT( lI-0,-:3E Y5-,_5 ....................................................................................................

E-NT(1)=ENT(1)+CPDT(I )-RSUP-I

...... EN_-( l ) uO++...............................................................................

Er,iI (7 ) =0.
................................ j ..............................................................

ENI (9 ) -,......

.......E N_I ( 1.3)_-r _...........................................................................................................................
PRI_TOO22,_NT{ I),T

)22 r_CRt_AT(IBO,2EI5.5)

7-_ O-07_T-T_iUE................................................................................................

..... EPJ.]_A S=C,..D...........................................................................................
DO 781 I=I+NN

181 c,_iTGAS = ENIGAS +E.+'tT ( I ) .y ( I )

3C79I=.1,NQ

7 c PRINT 2Zt,E_IT(])

PRINTLS,ENTGAS

.....IE. FOR;"'_T(//IX,Zli4ENTHALP_Y_ OF GAS P!IX _= F16..__8.}...................................
X,_;_GAS=X _,WrASI X SU,_Iy

V+,4 I +r, APR I_,!tt 7, ,,+-....... S

-:J.?--F_,q__:r ()/iY ,, ;_P>i:+'4oEEC-O-L+-AR+-W'-EI-oiLif-0{-G/_Siq T-)<&-E-i-6-.-8 //-) .............................................

XP. E TA=CF,' I T

........ K P-I--KP I+ I ....................................................

PRINTIII21W,T ..........................................................
i-2- F..qRP,'_-I ([X,ZE20.8)

IF(T.LT.997. )GCTGI71
....... i F (K P ri. ST. C() GETO 17i ..................................................................................

KPTI=KPT
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SCURCE SrATEMENT_ .............. FORTRAN SOURCe LISf MO[FRA ..........

!71" TAEI_E( !,KPT)=T

T ,1_ I_E -(3-, K P T ) = X-,U'_GA S................................

,-..... # E C I F I N-E--PFJi[E BAS-i s....................................................................

I ....

- -7 i_iT .-r_E_-.-7<Y-Tdo-T-o-_2-3-.........................................................................................................
SU," 1 =0.

...... -Cc -8 2 2 i=+], _N.....................................................................................
'" , C' r. •Y (1) = { ",'/XP.'.t,'GAS) *D<_R . ( T )/lO0

-+-£2_2 -S-t]/c l =S,'.J_I+Y (i) ..................................................................................

........ Y!+_c+L- .P_E.7+.[ +:!£_+Ls u +_.kZt O.o: .........
i_ [ _,=DE 5<C(1'4+) / [C.'3 • *XMW (NQ)/XMWGAS .........................................................................

2OLT=,_ IN

-Sbtci-7 tt ..............................................................................................
822 WC=W

....... R-Ct) T = i5E R C ( -_#-)--y1C ;3 _-, x t.w ] _,_O-j-] X MwG A s ........................................ -......

RAI I_=(I.+21N)/(I.+ROUT)

........... _- i.-c-_+,_._ri-O ..........................................................................................................................................................
;<I_=ROUT

[-711 T AP[[ F. ( 4 _ KP T )&-_l.............................................................................................

CALCULATIC'< OF INDIVIDUAL MASS FLUXES

FLLX=W/XP.'WCAS_-PERC( [)/IOO._-XMW( 11

L712 DCTD( [, KP-T )--FUUX ...............................................................................

FLUX=W, Rnu T

CCT A ( NO, _.P T) =.FLUX

....... Cq _9'+ .!--_,.KO s
1AEI__( i, K P T ) =PER, C( i-4 i) i£-0,--......................................................................................................

4z_A CPkT I "_UE

- IF(f.t_F.TM,[A,X-)G-CfO333 .......................................................................

T=I ÷TI":C
....... kX;_c .......................................................................................................

GCTCSOO

_32 TPII=KPTL

KPT3=KPT-3
...... K-CUNT L--2............................................................................................

_C 338 J-_5,YQS

SUk'Y l+#Ci. " ....................................................................

_'C "_37 I=I,KPT1
337 -- g __--f-_- = _0-7.;.-7 i7T A 8 L 7-+<[i, + -i.........................................................................

YAVG( .i-4 ) :StJt_Y I/TPT 1
-/43+ C[_N T i,ti)E- .....................................................................

KQT2=KPTI-KPTI+I
....... :1"'- -7fT2:t, PTL-"- " ......................................................................................

-_.33 I-.IKOS
SUNYI=C .

CO 3337 i=_PF1,KPF3

.... _l.+.,,'Y ]. =.SU;.' Y 1 ÷ TAB LF ( J, I )

Y,_V;]lf J-4) =SUNYt/TPl'2
i{3E C6h'T I['iUE .........................................................

{i:O +2C'6+8 J=I,KPr3
IF( J .O _-. l ) Cfil_[J " 7-32 ..................................................................................................

. Oc., 8COI_.I=.I,NQ ..................................................
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MQLFRA ........................

..... - y pl _i_'E=_( I./.[60..*T.[NC)),[__-l_37.*DOTA.(!,J)+300,*OOTA[ [,J+l)-300.*DOTA
1 ( [ , j+2)+2or ..OCTA ( i , j+3)_75..DOTA ( i , j+4) +12..DOTA( [, j÷5)- ) ........................

OCTAl( [, J) =-YPRIME
8-,#.'J i CC]_G Ik_UE ............................................................................................................. !

OCT C 850_ !

CU 8._,OL t=I,NQ

1,J+I)-60.*rOTA(I,J+2)+20.*DOTA{ItJ+3)-3.*DOTA(IpJ+4))
...... O-Cra 17T,Ji =Y#a-i-kE-............................................................................................
8": g 2 CCk'T I,JUE

733 DO 8C71 I=!,NQ

I,.L:--( I '/--{%O-.-_T-Ir,i-C)}-.-(3-., D d T_-(-i-_.J--2)Z 3( ; *O _T k (I--;-JZI) - 2 0, * D O T A ( i,

lJ ) +,_:0.*DFJI f-( I, J + ].}-i 5. *OOTA { I, J_-2) +2 •*DOTA ( [ ,J-l-3)}

O-cT _ 1 ( -I, j ) =-_'P-R [ F4-E-......................................................... ; .........................

,8:,'7 1 CCkT II,iUE

I-8 _"OE--CrlikT I !IllE ................................................

8 L-"" ': CeNT ['4dE

l - - Sb-#2-LO" ".......................................................................................................
O_',_ 81707 J:I,KPT3

Cu 8,.(,.5 [=I,N(3 i
8 "" U _ '-__- S ,vp=sU_:';+rTOTAI(I,J)*cNT(I)/XMW|I)

[A 2_LE ( 2, ,J)--SU,_I2

..'.L 3 _ CC,\T I.,IU E ..................................... iI...... sui.--ri, ...........................................................
CC 23:) J-I,KPT3

.........._Q}';_St_,--_U,:+tAI:-.I_c{-'_'1--<" " : -' _ -_..,_,J)..........................................................................................

YFLC_T=KPT

CCI 1=1,.3 ,q

..... bf] i J-- I, I.......................................................................

........ xxx=!-A'_L._(.!,a }
T,';ELE( I,J)=TA3LEIJ, I) ...........................................................................

-) r- - •

T ,t .'.:L _ (.'-I ,. l ) -]x.x_x - .............................................................................................................................
]. Cf]_TI IUE

R ,-qT II R C,I

E N C

I

.......................................................................................... !

!

I

................................................................................................................ ;......................................................... i
!
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FORTRAN SOURCE LIST

" -:_.AT_IZ i_iVERSICN--'_'ITH ACCC]#PA-NYING SCLUTION OF LINEAR EQUATIONS -

SUE'P_"UI-I._E._.,.*. _4ATINV(A, N,B,.M,OETER_4, IPIVOT ,INDEX, NNAX , ISCALE)

CI.nE>IqIC _, I PIVCT(N) ,&_(NM:A.x,N)._.S_I.NMAx,P.).t.!_!DEX{NMAX,2_.) ............................................
.......... 6QuIV&LE-_iCE-{-IRO'_-,JROW), (ICOLUM,JCOLUM), (APAX,T,SWAP)

I"_IT IAL IZATICN

._ ISC AI__]=0

.... _ RI-.I'_.'O__*L_ ................................................................................................................

_ le _FT_ER,4=Z.O ...........................................................................
_,r. r7. ..C 20 J=IjN

25 IPIVGT(J)= _
, . -. ._ _- .... " .............................................................................................................

3C [30 55_ I=I,N

.................................................................... L.............................................................................................................

SEARCH FCR PIVOT ELEMENT

- ,',,"_.+,'_,',_x=o..3................................................................................

_ cc jo5_J:].,_ ................................................................
5:" IF (IPlVCT(J)-I)60, IO5,60

__ .6!':...DC'. _)-0 ?....K.- t, _ ................................................................................................................................
7C IF (IPIVOT(K}-l)80,tCO,740

.... 8C..IF I&+_SI__-[Tt\X)TA..SS(A(J,K).})85,100t.lO0 .............................................
8_ IR(D;_=,J

9c !_cC_LU_.:K .........................................................................
" gq AHAX.--A(J,K)

ICC CO",,+TI,"4UE ..........................................................

" to _ Ce.i_.fif,JuE..............................................................
. !.F _(A!,!,",X..}!_]_E)L!C. 6, 1 i_0.......................................................

I toe CETER:'+=o.o
ISCALE=O

GO TO 749

....].l_C IP..Ivc.r (J..cot:.U_..L-I.P!VOT_.{ICO.LUH)_il .......................................................................................

[NTERCHANGF ROWS TO PUT PIVOT ELEMENT ON D[AGONAL

13C I_F_( Ii:',OW-ICOLUV)I40,26C,140 .......................................................

14C 9ETER'_=-DE-I'ERM

15C DO 20C, t-l,!_! ..............................................................................................................................

I6C S_4;,P=A( IRO_,!,L)

17C A( [P,C_V,L)=t,(ICOLU_,L) .................................................
2CC A( iCOL' vd,_, I_ )=SWAP

2C5 I F (.N) 2.60,2L.0,.2 to ..............................................................
21C DO 250 L=L,M

......_.7". ..i.,?r',.!}.........."..... SW -,,(IRO_',,L) ......................................................................... -T.............................................
23C !_.( i ROV,', L ) = B ( [ CCLUN, L )

25":..3([_C.nLUt.,,L )=SWA_P......................................................................
26C IN[;EX( I, 1)=IROW ,_

27C INEF_X( [,2)=ICOLUM ...............................................
3IC PIVCT=A( ICOLUP,.:, ICOLUM)

SCAL t: TH_ _PET ''- E ,_ "_[ N .AN T

T_ ..............................................................................................
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FORTRAN SOURCE LIST MATINV
SOL.RC E STATEMENT

LCOC P I'vCT I :PIVr, T
[.5C5 IF (A,_S(OETE,U.!)z#i-) iO-BO_,1ci0_-10.-10 ..........................................

r" i:lnlC CET !-k;<=D_T._R;4/R 1
..... t Sc#CE-ISCALE+I ...........................................................................

IF(._-RS(DETERY,)-RL)1060,1020,1020
_'_I2c CET-_Iq*Z=P_Ef r _t//R-i ..............................................................................................................

I SCALE- = [ SCAL E+ 1
GO TO i060

"3C I F ( A_S (CET_R,V)-R2) 1040,1040,1060
- " 1_.::4C E.-I-T ER!4= D ET E#,Y*-R 1 ......

r ............. I__S_CA!: _ - ISC A L E-t_................................................................................................................................
IF(aRS(CETERi.1)-R2]1050, 1C59,1060

1d5c. DEI -c'_._,,,'-P._Tg_{M*RL,-,..,_
[ sc AL _-- Isc ?Q-E- t ................................................................................

l'.; 6 C I F( A_S( PIVOT I )-RL) 1090,1C70, 1070
--].,?7"-PIVrTI=PiVCTI/RI,.. ...................................................

ISC_-LE=ISCL:LE+I

................IF--(AB S (P I (/C"TI )-R-i-l-fzb;-Y580]i:3-8-O ......................................................................................

IC8C PIVCTI=PIVOTII21
...............................................................................

I SC -AI_E= I SCALE+I
CC TC 320

-ie9C IF-I,_RS( P-[VOT [ ]--_2 12000 ,200,), 32 O ........................................

2CC( OIVCT [=P IVCTI*.RL
............[sdk-LF.-=i--sc-?,L E" t ..............................................................................................................................

[ F { ._i_S{ P IVOf I )-R2 )2G 10,20!0,320
231C PlVCIr !=P IVDf I*P,l

ISC _LE= ISCf:t_E- t

32C DETER_}:P.,E r F_,v,p IVOTI
C
r..............C i-V[OE-# I#c"T -P.Ei.;-{Y--P iVo-r -E-LEM £N-f..........................................................................................

C

" ]?C AI-iC-F;LUI._,-ICCLU_-i-L.O ...................................................................
3AC DC 350 L=I,N

! _5C A( ICe..lli_V-.L-)=.a{ICOLUM,-L)-/P-IVO-T .......................................................

......._5 #_..IF_!.,'.?__.780,..S_0,_6.0.....................................................................................................................
36C DO 370 L=I,_,
77C P.( [CCLUP,L)=B( ICOLUM,L)/PIVOT

C
C
C

3£C

39C

qOC

42C

43C

P,ECUCE NCN-PIVCI" ROWS

Dr2 550 LI=!,N
IF ( L ].- I r_OLI ...._";) 4 ,'r, ,550-;)_50 ..................................................................................................

[=h{L]., I CQI_U_ ) .............................
A(LI, ICCiLU v)=O.O

DO /-,59 L=I,N
...... ASC A( L L,L)=A( L1,L)-A( [COLUM,L)*T

....... 45 _ IF '" _," _-n r-" _ (. t)._ 5< - '.Y ?_-.: #.5 - . ..........................................................................................................................................
46C 00 59:5 L=I,H
_"0 C '_ _ _.. L.(LI-,L):R(t 1 ,L)-B(ICOLUM,L)*T

- T.5C c.ohrI-4'jE ........................................................

C

C INTERCHA;'-c. ,_G... COLUMNS
C
......_ec-- _d-Y [c,--F= i;_,_.......................................................................
_ :SIC L:H+I-I .....................................................
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...................................................... i=ORtP_An -souRcE -Li-sr -_AT [NV ......................

............ _S.cu+__cE._.sT.At__E?_ENT

.... 62C IF_(I_DEXIL,I.)-I+,I+EX(L,2))§.30:,,_710,630 .........................
C>3C JRC:4=I"+DEXIL,.I) ..........

'_SAC JCCLU_= I",'DEX IL, 2 )

(;8C SHA P=A (K _ J -'-,CW)

........ +-=Jc- A l K ; :JP:0 {'_) =-/,-I K+, -J-cc.+LUM)- .......................................................................................... : ..............
/CC /_ [g, JCOLUI_] =SN_P

71C CeNTINUE

_4C R _TUP.,I

ENg



87

FORTRAN SOURCE LIST
SOURCE STATEMENT

FTC KINET

SUBROUTINE K I'N E T ( TP i, T YAR-"I]-EI_Z-, KN, K 7, DTC, HE#T, WNE w, KFT3-, TABLE, ................
I AVGFW)

D I b' £NSICq 'i CODE ( 2.0 )i #-L-P# (20), &A( 20, 6), ...................................

..... ].I .......S.I(4)., $2.{4),$3_!4.)tS.4_(4).)S5!4),AII(4),A22(4),A33(4),A44(4),A55(4)

I]It_E,_JSICN AIImO),BI (29),CI(20),DI(2.ji,EI-i-20),FiIZO),GI(20), ........................................

I _II( 20),F,I I (20),C I I 120},DI I [20),Eli (20) ,FI I (20),GI I (20) ,FW(20),
2 ..... '(-i-i 20) ,-EK( 20 i-, S-I C( 2[, )-,-Y (20)

..........qL_ E>_Slr!',j _,sc( 2<_;2Q), pSc{ 20,20 I, REX( 20,20 }, PEX( 20,20 }, AF( 20 },
ISF(20),AEF(20),ARI20},SR(20),AER(20),EQNI20),XFW(2O),PERCEI20), ...........

...... 2_FLLXVO(2C) ,F!:UXb_A!20),C(20) ,FK(20),RK(20) ,RATE(ZO),YI(20)
DIPENSION TABLE(30,30) ,YTEMP(20),ENTI20),CPDT(20),CPDll. (20) ............................

COP MI]N NC, :iS, Vk t WI , PL_ RR, TZERO, DELTK, ICODEt ALPA,AA ,Slt $2, $3,

C CF F'O:q AI, BI,CI,DI,E I, FI,GI,^I l,gI I,CI I ,DI I ,EII,FI I,GI I,FW,YI

CALL FPTRAP(-3)

"_/'h • _'_SCO .... ] I=I,.

XFv,(I)=FW(I }

130C CCr, TI:_UE
I KSPI=NS

KSP=NC

IF( KN. EQ. 1 )KI=O

........ ! F(K i "-EO,. "3 ) K'2--Z-#' ......... .....................................................................................................................
' E['_ • I--I IIF(K1 ..... )W-_,I ...................

.... i F ( KI[. [C. C : T-I=53 3.33 ........................................

!........ ! F (__K.i_, EO • C' ) O ! F=.]- 0.. ..............................................................
IF(K7,EQ,I )GOT088

I F ( K1 . NE ._ ) GOT074

.... cei_ i=-i, k{Pi ..............................................................................................................
{

12_ YI(I)=YTEb_P(1)

W=V I

I F (KT. GT. I )GOI'C?4

'_ -_Ci9Y i:_,Zo- ................................................................................
.........Oo 57._ J_=...___Z_Q................, ...................................................................................................................................

TAELE( l,J):O.

9-_ CCNTIqUE

......._o _.-2-i--T,-i_,...........................................................................................................
...... DO 83 J=!,]_.5 ........................................................................

P,SC( l,J )=C'.

......... .P_S_C_(I, J.)-_c, ...............................................................................................................................
REX(I,J)=C.

....... P_E;_ ( I ,.J ) =_0:_ .......................................................................................
8_ CCNT I _,{UE

82 CCNTII-IUE

READ EQb'. 1--C{-i4 = I_2- +,-C7"5C2H6- .......................................................

....... REZ_DZI,..J..F..CM.(.I ), .I=1,1 2 ) ............................................................................................
READ THE STOCHIOMETRIC COEFICIENTS OF THE EQUATICN

REA[J 22L_S.C.(_L,2),DU_I,DUM2,PSC(I,I) tPSC{It3) ,DUM_
READ Thai EXPCNE:',ITS OF T_E RATE EQUATION .....................................

...... READ 22,:RIEX(1,2),DU_IA,DUM5,PEX(1,1),PEX(l,3) ,DU,M6

READ THE CDEFECiENTS OF THE FORWARD AND REVEP, SE REACTION RATE CONS

UNITS OF _A.F ANC_._&R ARE .IN GNTMIOLES,CLIB!CTCM,AND. SECONDS ................................
UNITS OF AEF A,_C AER ARE IN KCAL PER GM-bIOLE

....... __RE An23,/',.F: ( 1 )I,SF (1__i).' AEF(1)
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I ..................................................................................................

FORTRAN SOURCE LIST KINET

SOUqCE STATEMENT

READ23,_,R(1),SRII),AERl II

...... READ EQN 2 C2F_; = H2 + C21t -z-,....................................

RE_C2[,(EQ_!(I), I=1,12)

......... P EtC22,PSC(2_3 _) ;50MT,DUMe,PSC(2.I),;SSCI2,4),DUM9 ..............................

RE&O22,RE×(2,3),DUIO,DUll_PEXI2,I),PEXI2,4) ,DUI2

REAC23,A F(2) , SF(2) ,AEF { 2)

RE_C23,.AR (2) ,.SR, (2) ,-AER (2 )

.......23 .... FCRi,_AT (E _ .-'_; i{ i X _-2 F 6 _,0) ......................................................................................

22 F[!RMAT(6F4.0)

--- 2-1 .... FE:Rt.'A f ( 12A6 :)......................................................................................

C RE,E; EON 3 C2H4 = H2 ÷ C2H2
................................ ,= ._.'_ ............................................................................................................REAr Zt, ( Lq, 4( I} _I -1-_-1-2) ....

READZZtRSC(3,4},.DUI3,DUI4,PSC(3,I),PSCI3,5) ,OUt5

" -_,-EJ_CZ2,P, FXI3,4)_DOI6,-DUiT,PEXI3,1-),PEXI3-,Si,DUI8 ....................................

REAC23,AF[ _},.SF(3),AEF(3)
......... R E ^023 ;-_ _ ( S ), Sq(3) ,AER [ 3} ..............................................................................

C REdO EQN _ C2k2 = 2C + H2
.................,_E _Cz-i;,(-_-Q<J( i-}_,[- t;-t-El.................................................................................................................

RE_C 22,RS"(4,5),DUIg,DU20,PSC(4,I3) ,PSCI4,I},DUZI

............ READZZy-REXI4-,5),DU22-,-OU23,PEX(4,I3),PEX(-4,iI--,-9024 ......................

RE_023,AF(L),SF(I'),AEF(Z_)
............ REAC23,,_-R(_') _SR(4),AER(4)

C RE_C E_,]:4 5 C6H6 : 3C2H2

......................Rc-AP-2 I., (__Q._{'.........I ), l-t,121-....................................................................................................

REAt;2Z,RSC[5,6) IOU25,DU26,PSC(5,5),DU27,DU28

...... R E ,_C 22, q (.k( 5, C-) ,-oO-Z-g, i)u 39, P-EX ( 5-, 5 )-, DU3 i-, DU32 ..................................................

R2AC2 3,/_F ( _£1, SF( 5 ) ,AEF ( 5}
R__t,,.,:,__3, ^ :: 5 ) ,-s _,-t3 i-, ,___ 15 }

C REAC E')N 6 NH3 = 0.5N2 +I.5H2

............. _ : _'C" 2 [' (E--[:N(--i'--)";:[=--]_'']Z} ..................................................................................................

RE_C22,RSC( 6,__),.L3U33,OU34,PSC(6,71 ,PSCI6,I),DU35

?Et;c2_z,RExi6;8)'DU-36,DU37,PEX(6;7-) ,PEX(6,i),DU38 ................................

P.EADZ3,AFiL),.SFI6),AEF(6}
-- - R-F _p, 2o, : AR ( 6), SR ( 6 ), AER (6-) ................................

C................. RE A C EO!_ 7 C}[/-_. + 2.012_ = Cg2_ 4_ 2H2g_ ...........................................................................................

RE_C 21. (E(tN(I},I=]t:2)

RE#O22_RSC(7,2).RSCIT,g)tDU39,PSC(7,]O),PSCI7,]2),OU4I
......... R EbC22,REX(7,2),:6. E).(Ttg),DU42 PEX(7,10},PEX(7, I2),CUZ, 3 ............

REliC23, t_F (7) ,,SF(7) ,AEF (7)
PEAL2_ _ AR( 7 }.,.SR (7) , AER-(7)

C PE_tt': EqUATrCN 8 C + HZC = CO + H2 ..........................
RE_F, 21,(ECN(I),I=I_ 12)

_ RE,C_ 22,RS2( .8,L3),RSC(_ 8,12),.PSC( 8ttt),PSC(8,1) .............................
RE_O 22,RE×( 8,I3),REX( 8,I2),PEX( 8,11)_PEX( 8,1)

READ23, AF (C) ,SF (8.), A_EF ( 8)._
RE/_D2S,AR(8) _SR(8),AER(8)

..._C_.......... P,E_C_ EQ__,_:_.9 . CHZ;.= Oo 5C2H2 + t. SH2
READ 21, (E2tN(I),I=t,t2)

READ 22, RSC(9,2) ,PSC(9,5) ,PSC (9,I)

.......... rE_t. 22, RE× (9,2) ,PEX(9, 5) ,PEX(g, I) .............................................

REAC23, AF( n ),SF(9) _AEF(9}

n " d- AEP,(9}REAC23, _.::() ,.,.,R " ') ) , .

C I_,E._-"D E:JN 1_. C14Z: = C • 2H2

...............FE-#d ::i; (: r_}:_l : ) ; :=t,-:2 ) .............................................
PEtC 72, RSS( tO, 2) ,PSC( tO, t3), PSC(/O,I}



i

O_

I....................................................................... F-oRTR-AN SOO,R-CE--L-IST KII_ET ..........................
SCL.RCE STATEMENT

RE,_C 22, _EX( !C, 2) ,PEX(I0,13), PEX( i0, I)

eEAC 23, AF [iO) ,SF(IC) ,AEFI I0)

H,E_D 23, -_R[iO) ,SR(IO) ,AER(I0)

C- ........ F<E}_C T-EiE_41!ieF_.ER OF SPECIESLKSP AND THE-NUMBEi_-OF EQUATIONS-NEQ ...............
C P,E,_C Tt4E FIOLECULAR WEIGt4TS OF THE SPECIES

R_AD24, NEQ
2z. FORb'A] (I6 )

c ........ c Or,ve-_.-T-_ 6:_-i i:_--_-f-UNCY_..................................................................... :.....................
_E 127 I=I,KSPI

YI(1)=YI(I)
127 YTE_'P( [)=YI( I] ' '

......... ?4- -K i= K-i +i ................................................................................................

I P=T-L/2160,
I ...........................................................................................................................................

......... k=L:2,06RR=I.987
{.:EL-Z= r_F_-LZ*36-Tk,_ ............................................................................................... ........

..........._?.F_...F..C___A.T.(..Ix __!6 )__.........................................................................................................................................
IF(KI.GT.I)GeT03

C

C.......... IN [-T IAIL -A_/ERA-G--E--IZOL-ECO LA R WE IGfiY ........................................................................
C

PRINT 2137

.... __! 3.Z r 0 _ ..-.£_ ( _L 2 Cx.,__G.CU __r,!I r I_A_.__M_CL E. F_R/_ C_T.!..O.N ........_!_0L_ECU LA R.__}_E[_.GH T/'_/_)..............................
SU,_, =C.

DCIJ=I ,Y, SP
!......... SUb L-s(.iF,_+x Fii-'-(.J )-k-V ii J } ............................................................................................

PRINT 25e,YI( I)_XFW{ I)

2_C FC'kF'AI(22X, IEI ?. £,5X, IEI6.8)

] CCr-,TI_UE
........... PR I ii i 25e-;-# ii-i_s-i_ i ) ;XF :_i-KSP]Ti-.....................................................................................

_,VCF _' SUb'
C

C I_ITIAL MOLAL FLUX OF SPECIE JIG,_-t-IOLES/CM2-SEC)
C

FLL×FC(J )=(W/AVGFW).(45_,./g23,03),Yl(,J)
C

C INII:I_L ivASS FLUX OF SPECIE J(GP, ANS/CM2-SEC)
C

2 FLL Xl_,_.(J) =FLUX_'O (J )*XFW (J)
C

C CALCULATIC\! (3F C(J)
C

I F (k I: (3-T. l] C-0:FQ-3.................................................................................
TZERC=298.16

&

T=( TP-1- +¢6C ' }/i,8 .............................................................
GOTO_

T=IV_R

SUFI=3.
IF(T,LT.TI)GOT073
K2=K2+I
KCS=KSP+_

OCt7 I=5,KDS ....................................................................................
T_LE(K2,1)=Y/(I-4)

..... iT. ce_r!.HUE ..............................................................................
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FORTRAN SOURCE LIST KINET ...............................
SCUPCE STATEMENT

73 CC_J=I,KSP

-_ SU_ i- S U#,-i+ F L UXf--O( J )_-R* I/P .............................................

SUN=G.

..... Cc6J=-i, KSP ...........................................................................
C {J }:FLUXMO{ J )/SUMI

C{ KSP/) --SUV!_YI(KSP/}
"C ..........................................................................................

C CALCULATE REACTION RATE CONSTANT
F ...........................................................................................................

[3C71=I,NEO

............... FK i -I) = AI= (-I )TT*-_-- i C-SF_( i- )-) _E >(-Pi "-AE F( l)-*/O00 .-l( R-R*T ) )......................................................

7 RK (1) =AR( ! )*T** {-SR( I ) }_E×P(-AER(I )-1000./(RR*T) )

C C_LCUL&TIO'4 OF REACTION RATE OF SPECIE(J)
C

CQ 12J= I, KSF I
.............. s b_j 2 =d.- ..............................................................................................

DCI i I = I,NE9
X,vUI_T P,= 1 *O .....................................................................................

XW,LLTP=I .O

........ _ o z _2K= t-,-K s-P-t..................................................................................
IF(C(K) .LT. I.E-37)C{ K) =I.E-37

XPJLTP=XMULTP_-{C(K)*._PEX(IRK))
I< ccNT f_;UE ................................................

SUW2=SUX2+(PSC([,J)-RSC(I_J))*(FK(1)*XMULTR-RK(1).XMULTP}
I i -#cx'TINUE .................................................

P,AI E (,J) =SUb'2
• i2 ccr,rir_tJE ....................................................................................................................
73 _ WNEW -'_.-`,

.........................................................................................

Stjtv__-.0o - ...............

. t _?t 3 J_-.}, ___Sp t .....
FLLXWA(j)=F_LUXb, A(j)._R-_fEIJ)-,DELZ.-XFW-(-j) ................................. .

IF!,Ft.UX!V,A(J_ ),LE.<, I.E-37}FLUXMA{J)=I.E-3-(
F LUX,VG (J )= F LUX.K_A (J)/X F-WiJ } .........................................................................................................

IF( a. EO .KS PI ),GO rot3

........ W_ E _, = i.;,4 E W+ F-[ U _#--A-( -j ) * 92 3,-63-/4574. ..............................................................

SIJIV 3=SUM3+FLUXWO( J )

L3 " CO,\ T Ii'qUE ...........................................................................................

COI4J=I,KSP

................. # _ (Ji-FLU_::,_( j )-1 s LJ;q3.......................................................... . ..............................................
tA PERCE( J)=YI(J}*IQO.

"-C ....................................................................................................

C CALCUAI_TIC _.' OF THE RATIO OF THE NOLES OF THE

C SCLID SPECIE -TCJ--TFIE MOLES oF-GASES.

Y I( KSP i ) =FLUXMO (KSP I ) /SUM3
"'C ....................................................................................................... " .....................................................

C SUb'7 IS TI4E ENTHALPY OF IHE GAS MIXTURE WITH RESPECT TQ

C ThE ELEPENTS AT THEIR STANDARD STATE OF(P=IATM T=298 OK)
C

........ Su:,' i--o_ ...................................................
S Ut" =0.

...... Er':T( ! ) -=-( A! I (I_) +6I I ( I )_-_TZERO/2.+CI I ( i )* ( TZERO_'_2 }/3.÷DI I ( I ) .(TZERO.



...................................................................................................................... i .........

l ...............................................................

FORTRAN SOURCE LIST KIKET .........................
; SCLRCE STATEMENT
I.

i
t*3)/4.+EII (1)*( TZERO**4)/5.+FII {I)/TZERO)*RR_TZERO

..........E}4f{ 3 )-=-20 .2 36-E3 ...........................................................

.......... f-F-(T-:LT-71CO0.C )Gh Y56-2-07-.................................................................................................

CPCT( I ) =1AI ( I 1"1T-TZERO) +g I ( I 1"_ T**2-TZERO**2)/2.+CI ( I ) ,1T**3-TZER •
..............t-__;;3);,3._5 ici);i-{-T_,_,4-Yz E-fio;_,.-)--/_f.+E[-{[)-,(:r,/-;;5_TzERC **5}i5-.)-;,RR ..................

DO 206J=2,_'M

..........CpC-rtiJ_- FsziJ)--_T?-rze-R-o);c_2(j]-.it-*_2-i-ZERO**2-)/Z;+S3 IJ )g(l_;3-T Z_ ...........

.......... _!RO*_3)/3 .+$4( J ) *{ T**4-TZERO**4)/4, +SS(J) * {T**5-TZERO**5)/5. ) *RR*. 5
2_ co_,f I _iUE-.....................................................................................

............ CP.[; r 1 .(1) =..IS1 .(3J ._...(._T_-._T_Z#_RO)+ $2 ( 1_|__ I TZ# 2-T z_ERO*-2)/2 ,+ S31 t), { T**3-TZE
IRO* _3 ) 13 • +S4 ( i ) - (T**4-TZERO**4)/4. +$5 ( i ) * (T**5-TZERO**5)/5, )-.RR ........

620 _ CPCT ( I ) = (-A i I-(_l]%-l-T:_T Z-ERO ) 4LBIl {-I )-*-(-T*-*2-T-ZER-O _* 2 ) i2 ._]-C I i ( I )* { T**3 _

11ZERO_*3)/?.-EDII{ I)*(T**4-TZERO**4)/4.+EII( I)*IT**5-TZERO**5)/5 )*
'...........2_R ...................................................... _....... " .........

.. 0C297J =2,M_.

lr Z F mO_*3 )/3. +.A44{ J) , (T**4-TZERO**4)/4.+A55 ( J }* I T**5-]ZERO._*5 }/5. )

, 297 c!:_rrUu__
COCT1 ( 1 ) =-( _t-i ( i-i* {-f- TZE-Ro )+A2-2 (--1)*(T**2-T ZER C*-_2)/2-,(:+A33 ( 1 )*{ f*_:3- .......

lTZERO**3)I3.+.A44(I)*(T**4-TZERO**4)/4.+ASS{I).(T..5-TZERO_.5)I5.).
............2_R .................................................................................................................................

6291 RSU,V=O.

........ cc--_g-8--a =-f.i,-_ .....................................................................................
C

................................................

C _<S[; _z IS THE ENTP,_LPY OF THE ELEMENTS OF THE ITH SPECIE AT TEMPERA-

C TURE T(OK) WITH RESPECT TO THEIR STANDARD STATE{P=IATM. T=298 OK).

3S# RSUM=R, SUW+AA( I , J) .CPDTI (J)
E_IIT ( I ) =-t-:NT- (i-)-+,CfsO T ( [ )'RSUIM .....................................................................

ENI [ t ) =0.

. ._e._-_T( 7 )-=e;...........................
F.NT (9) -0.

- ............ _;;T( 13)=0.

SUb'=SU.V.+qATG(I)*ENT(I)
........ _F_i:: _0; _SPk)i_crOi-_ ..........................................................................

SUFT=SUW7+YI( [)-=-(ENT(I)+'RSUM)
................................................

78 CONTINUE ........

FE_T=(SUM/252.).(30.48**3)/DTC
........... KP"r "_= K 2 ...........................................................................................................

........... t F ! _T.L:. rt )GOTOS7
TI=Tl+55.55555

PRINT 8£9

eeq FC_V'ATI/17×,_SHE}4THALPY-tsx,-L3HMoLE FRACTI-ON_sx'7HRATEIi)_8_X_914F-EUXM ....
IA([7//)

......... 0-0 ? 77- I= t-_-k-SP i ............................................................'..........................................

......... PR_I.NT .SC,_8,EN[( I ),Y I[ I ).,RAT.F=(._I)_,FLUXMA{ I) .................................................
P_O8 FCRV&T{1X_4E[6.8)

777 CONT I_:UE

TAr_L#._, IF,2., I):T

IA_LE(K2,2) =i_EAI"

TAbLet( KP ,3) =,_V _FW

-FABLF ( K2 t4 ).:WNF'_L .........................................
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FORTRAN SOURCE LIST KINET
SCI.JRCE STATEMENT

i ......................................................................................................................................................................................................

PP, [NT 60_1

, _I FORW'_TI//2X,ISH?EMPERA.TUR-EIOk-)--_6X, 4HHEAT,1oX,gHMASS FLUX,gX,SHAVGF .....
1'///)

...... ou-ri',,r - ZJ._;__---r,_.. .. .'.;____, ., ILI-#J_T'-W-NEW ,AVGFW ......................................................

6022 FORe'AT( IX, _E16.8)

............. I-_ Imt _,,0_ _, s:ui4 i ........................................................................................................
(032 FORFAT(///!X_36kENTHALPY OF THE Q.EACTING GAS SYSTEF=_IEI6.8)

CO Ill I=,I,KSP
.......... SL':P = SU'_ _-X-F if' ( I ) :_Y I-([ ) ..................................................

Lit CO,_T I NIJE

- -;_VOFWL-SU_.....................................................................................................................................
2211 FI]R_;AT( iX, eEl4.81)

.... ii-_ Ct]_Ti,hUE .....................................................................................................

[.tC 6 6C& [K=L,NC
......................................................................

Y( [K)=YI(IF)

6606 COroT INUE

........... _E-rU,_N .......................................................................................................................................
EKI]

......................................... [ .............................



ENTFALPY
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_,'CLE FRACTICN RATEII) FLUXMA(1)

O. 0.24832489E-81 O. 10555829I--03 0.68863822E-04

-0 21.3s453E 05 O.55e68z, 52E 03-_3.4_J3701028-.J4 0. i2350686E-01

-0. 20236(.,_:CE 05 O. _ _22c,,_;_-05 O. 14726862E-06 O. 14776376E-06

0.889C'55(::6E-04--,).1,_6£7441_--05 0.[-2023C08E-06- 0,66904729E-07

0.52654235E C5 C.82673522E-05 0.3791034,3E-06 0.29804423E-06

.............. ().-ig 820({-C'O-E - J;_ ..... C. g-8 q74]_-i8 E_2-2 -- --C_ i-213299OF:z2-5 ..... 0 _i¢T?0#-271E-2 2 ....................

0 r'._C 113r ='_E- . ...... -"_, C! 0 93403076E-!2 0 311C2993E-02
.... "0.-i3468C53_ i35 0.16792("7-76-5(_3 '0.1663C615E-11 O.B958i678E-05 .....

O. C.8__ i I£Z63E-27 O. 14".)3984 IE-29 0.38210798E-28

..... -0 9z_685"Z _= _- ..... _'- _- ......• _4E 03 ,,.1s1_77_8_#-01- "0.7019_J2036-30 0.92353931E-03 ......

-0.27834013E 05 O. l >'_! 23,-t 20E-O 2 9.17609923E-04 O. 47068393E-0#

-0.5996750,_ .5 [.,z.,83,._3__ u- J.1360992_E 04 u.8,32_12 E-02

O. r'. 1544QSO3F: Ol 0.31456975E--04 0.257C6634E-01

TENPERATURE{CK) _-EAf 14_SS FLUX AVGFW

C.14223403E 04 C.g_3OI!IO_-E. 3 0.49885977E-01 0.17699366E 02

EIkTI-ALI_Y CF TP_E REACT INC GAS SYST':M= -0,15908107E 05

ENTFALPY ;,'CLE F,4Acr [CN RATE( I ) FLUXbIA{ [ )

O. G .28 116_163E-C.: 1 O. 13815831E-03 0.78117 156E-04

............. L-o .-218 ', &78 S-E 35 0; 2-:, 4-i-5-5 L3-_00 -0.6 1-585103E±O@ ......0-' 123 i 7-34i E- oi ..................

-0.20226CCCE 05 O.S_e63 Z23F-O'3 0.29181405E-06 0.41119139F-06

0 8849lg_SE ';4 :.)"-1,7_I4].7{,,_2,.-- .4 ,'.81772020E-06

0 526@1212F 05 O.aCn56-'_3,--94 ,.q.13353276c-,5

..... 0.1 c-_''_O0-,__- :-___,.... ,_."-_'82?[f81--_-_22; L0.244_5321E-_25 -

........ g, ........................0. Z! _ £ t .t 25_ezo ]......:_.. 2_ 5232._ __-t .t
-0.13473_78E 05 .").I_76C221_.-03-',__.43006532E-11

O. O.RqSIIIIgE-27 C. 14243908E-29

..... "0"947154C5E 35- ......,;.l_le6.c6oEL6-i ---L;,,_7].2195),gE-30 0.92353931E-03 ............

-0.2793352&E 05 r,. 16302¢73E-02 O. 17696#21E-04 O. 63766588E-04

..... -0.59961114E eS-r,[32O79829E-OO-).17696Z;2LE-04 0'8C217772E-02 ..........

O. C. 1_43_i I(;SE C1 O. 38998958E-04 0.25722736E-01

0.482992!3E'06 ........

C • 1085633gE-05

0.I0650662E-22 .....

0.31102993E-02

0.39581653E-05

0.39925038E-28

TEFPERATURE(CK) kE&T MASS FLUX AVGFW

....... -_2 0 49853334E-01 0 17655207E 020 148281_3 _ 04 G.12524£r)3 = ," •

EP, TFALFY CF THE REACTING GAS SYSTEM= -0,14854536& 05

..........................E_,fi--#L_6f ........... #CLE 'F_,,V#jr[i:_,_....... _,,,<,TF( [i ...... FEUX_ I[ } .......
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........0-.- .................. _,_3 1277 !qS[--O i................ 0 _..................17_ 88312E-03 ¢° 8-7061729E-04 ..............

-o.21847249[ e5 c.._.I_7712_ ee -0°82_11834E-04 0.12284978E--01

O._@lq5 _ ...._ _,446 04 _:.AVO7851_-r4 0.2_509407E-05 0.18346373F_-05

C.525569C8E C:5 - ']-'T782-Sg_2ELO_ -ty. 36980169E_65 " 0.28i62257E505 ...............

O.Ig82OOCOF 05 .D.9?_3&2eee-22-C.42760104F_--25 O.LO577542E-22

O. ). 798131q5!-LOl 0.4 i 837895E-" i-l 0.31102993E-02

...... __Q.I_473254c ,,5 0.I_72g20!c_-03 -0.83675789E-II 0.39581619E-05

G. G.9254cSg6E-27 0.14409323E-29 0.41227708E-28

--0.94741997E 05 r.1_=0811092-01 -0.72346615!_'--3C' 0.92353931F.-OB

-0.2@OLOC83E ',,5 v.2C_9C /36#-,_2 O.21794521E-u4 0.79462159E'04- ...............

-0,60CC4282E 05 >.3198C262_ O0 -0.21794521E-04 0,80116867S-02

...... O. .................. ,_,]541C323£.................................O1 O.z._26612OF_-C4 0.25737207E-01 ..............

TEPPER_TURE(CK) FE_T MASS FLUX AVGFW

..... E_--TIZALPY - cF---YFE R#AC-flNC-- G_S-S9ST_.:,__- ---'$2i-3q2L-436E 05 ..................................

......................... Ek: T.IT.,ALPy .......... _CL E_ F!\.._C T IC_ ........ R_AT_F_{.!.. ) ...................... .EkuxM._A _ !.) ............................

0 364,_737_-£I O 24917514S 03 0 19164915E-03

-0.21839_86E C5 C,_75166_ C _ -0,12C'7950g_-03 0.12229847_-01

-0.

O.

O.

O.

O,

--04,

O.

--0°

--0°

-0,6QO45977E .05 L:.3IS22298F 09-0.26539105F-04

O. 3.!5375523E Ol O. 54291780E-04

_.C2_6.CCF_ 5 _. 17_g63E-04 O 12864041E-06 0.12220664E-05

8754!956E 04 '$.1c66@7_4E-03 0.95402"4lE--.5 n 7,._975610E-05

52512535E (!5 C .237287r'IE-£3 O. 16 313216,=_-04 0.86129315E-05

IC820000E 05 0.9_73_C38E-22 -0,72269475_-25 0.I0425162E-22

....... C, 7S5_ 8_72EZOt .... 0-,-7 _-i95565 E- 1 l- - 0 .-3-i 102993E-02 ....

I _ _ CE 0 •_46,27 5 C l_,_7854E_,,r._ -3.1583gL_3E-IO, 0.39581546E-05_

- 4.9_-o_G,',/_"_-PT--O_,_., , . .... .14570407E-29-n }+2837084_-28.. , .....

9476g_82E 05 ¢..1_034_48E-(,1 -3.72852036E-30 0.92363_3iE-03

28112356E 05 0 . 2 #,2144.67E-02 9.2653gi05_-04 O. 10286231E-03

O. 79966430E-02

O. 25758160_-01

............[EILPE_£TU_E(CK.L ..............#Z#[ ..................... M_SS...FL.U,X.........................AVGF?)...........................

- T i 1) _- ..... 50e,-#-,.C,C'DJ3........ CI(i) LL.... 2525 2. 399902 ..............................

T(L) Cf(L) XAXIS(L) YAXISIL) CAPACIL)

6cr,.o_(l 252_2 _qgc)C !] Ou'!t;_ G :,0000 0 56901 I

....... 505 ;25250 ..... 252 52. 2Sgg. C.............. 0 .O-iOOO ............. #,.e0263 - O. 56901 .... 2

51Q.5_553,., 260 "_'__J,r3564. O.. 32,300 ;:'.C0529_ n..57053 3
516.05235 26_Zv.. . ._,63;)_. . C.03505 _'.C0804 0.57210 4



............................................................................................ 95 .........

..... 521.747C9 --2Y_4_.[691c. ............ -d. O4oob ........... d,el,J87 .......... 0,573-ti ..... 5 -
527 5_353 2_4q2.20344 n O_JtO 0.01379 0.57537 6

.............. 523-.5d7]_0 .... 29-7'_:"',..,1729............. O.--Ar'-'..,.,6_,.,O........ 0.,,168.,,'-" .,i................. 0.577,;8^ ............... 7

539.79(,@e BC218._65_2 G.O{OCO C.01990 0.57885 8
.... 54e.16963 3111.8.6.331i ........ 0,080._0 ....... 0'02308 " " 0.58066 9

5_2.73772 320.39. _, _6&8 O.O90OO 0.02637 0.5825"+ 10
559 _c - , ........................4_,58-- 32981 .-92382- : ...... O 'ZOgCO -0" ,0_2975 0.58446 !1

.,v6q 33q45 07961 _ 11u.,O C.03323 0.58645 12

573. & 225I-t...... -3I_O#-_-i • _ 32 e-f .......... b';-- J 2000 ............. 0-,-0358Y .............. 0, 588 _8 ........ 13 ............
........ _ 580. 99277 359%9. 39604 0.13000 6.04050 0 .59:358 14

588;57&89 36969 ]2 ........ K- -;_, ............... 568 ,.,. 14 ,Cu C'04429 ........... 0.59274 15

..... 596.37355 30,C21. 58691 O. 150GO 0.04819 0.59496 16
604'3934 " _ t-,-, _b ...............................2 _,9_'_6.__.373 0.16000 -Ci.05220 ...... 0"5972_ ...... 17

612.6"_c18 40193 66846 0 1700" ^.............. -....... ,., v.05632 0 59958 18
62] .-L [1.5_ 5- -_l 3 i 3 .-_ 4;i_ }- .......... 0 ]--I 8-0 CO ............... 0. 06056 ......... 0 "6¢[198 ..... 19 .........

629.82727 42456.643_ C. 19000 C.@6491 0.60445 20

....... 638.77510 - 43622.-46e75 ............ 0;20009 ....... 0,06939 ......... 0,60698 -- -21 ....

647.975_1 44_ii.291J2 0.21030 0.07399 0.60958 22

-657.42219 d6f23'17cgc .......... 0-.22"_ ......... G;0787i- ......... 0,61224 " 23 ......

667.12304 47258. 153_2 C.23G00 C.08356 0.61497 26
.............. -677,, i5 $3-i8 ..... 4-8 5 I 5 .2 g 75 _ ........... _.) .- 2-_{5@0- ........... _.J-.-O8 85-4 ............ -0-,61776 ....... 2-5 ..........

687.3C740 49797.52686 0.250:0 C.09365 0.62063 26

...... 6_7'8C05 _ .... 51t0[,_2871 ......... 0.260:30 ........ G. 09890 ......... 0.62356 2-7 ....

__ 708.56741 52429._54_9 3.27000 C.10428 0.62656 28
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